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Dedicated to the Collective Pioneering
Achievement of

V. M. Komarov, K. P. Feoktistov and B. B. Yegorov

This book considers two basic aspects of space radio communica-
tion: use of artificial Earth satellites (AES) and the Moon for
the creagtion of global and local ground communication systems of
various types, and the provision of two-way radio communication
between the Earth and spacecraft.

The general principles of the design of communication systems
using satellite relay are presented and examples are given of global
and local ground communication systems. On the basis of the analysis
of the quantities appearing in the aftive and passive communication
equations, an evaluation is made of the optimal operating frequencies
and the power requirements for active and passive relay.

A power requirement analysis is made for space radio communica-
tion links within the limits of the solar system.

A review is presented of the published data on systems for
spacecraft communication issued in the USSR and USA, as well as data
on satellite communication systems.

The book is intended for students at the college-level radio
institutes and for a broad spectrum of specialists who are to some
degree concerned with space radio communications.



INTRODUCTION

The problem of space radic communication has two primary aspects: the
first involves the use of artificial Earth satellites (AES) and the various
cosmic bodies for the purpose of creating global and local systems for Earth
radio communication in various forms--telegraphy, telephony and television,
while the second encompasses the questions of providing radio communication
for spacecraft, both in the near-Earth space and at considerable distances from
Barth.

In spite of the large number of publications on this problem which have
appeared in recent years in both the Soviet and foreign press, at present there
is no text available which presents a sequential development of the technique
of the design of space radio links with specific examples of such calculations.

The authors hope to fill this gap to some degree and to present the
methodology of the engineering design of space radio links, making extensive
use of published material.

Here we shall consider two aspects of this problem: the use of AES and
the Moon as active and passive radio relay stations in ground systems commu-
nication, and the provision for radio communication with spacecraft traveling
in the vieinity of the planets of the solar system.

This book is the record of lectures on several sections (space radio Zé
communication, the problems of improving noise immunity and the rate of trans-
mission of information over communication channels, etc.) of the general course
"Fundamentals of Radio Communication,” presented at the All-Union Correspondence
Electrotechnical Institute of Communications by N. T. Petrovich in 1962-6k.

The program and the content of these sections of the course were prepared
jointly by the authors.

The authors wish to express their sincere thanks to Dr. Tech. Sci. Prof.
V. A. Smirnov for his valuable comments and recommendations made during his
review of the manuscript. In addition, the authors are very grateful to T. I.
Zelenoborskaya for extensive assistance in the preparation of the manuscript.
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CHAPTER I. USE OF ARTIFICTAL FARTH SATELLITES AS RADIO RELAY
STATTONS IN GROUND COMMUNICATION SYSTEMS

1. The Promise of the Use of AES as Radio Relay Stations [T*

The existing systems for long-range communication have several very serious
deficiencies. We shall list the foremost of these.

1. The long and short radio wavebands (10-100 kcps, 1.5-30 Meps), ove:
which it is possible in principle to organize a global radio communication
system without intermediate retransmitting stations, have limited frequency
spectra. For the same reason both of these bands have comparatively low han-
dling capacity and are severely overloaded at the present time. Some idea of
the saturation of these bands is given in the article of S. I. Nadenenko (ref. 1),
indicating the utilization of these bands during the ten-year period from 1930
to 19L40.

Figure I-1 shows graphs of the growth of the number of channels (solid line)
and the number of wavelengths used (dashed line) during the period from 1930 to
1940 in the 10-100 keps and 1.5-30 Mcps bands.

In 1930 there were 6,203 officially registered radio stations in the range
from 10 to 200 m (1.5-30 Mcps). In 1940 the number of officially registered
stations in this range, not counting amateur and military stations, reached Zg
28,407. By 1948 the officially registered requests for operating frequencies
in this band exceeded 200,000 (ref. 2). At the present time the overloading
of the HF band has become even greater. The existence of such a large number
of operating stations has led to the situation where the primary form of in-
terference at the short wavelengths 1s the noise from neighboring stations.

The limitation of the frequency spectrum in the region of the long and
short wavelengths and the propagation characteristics of these bands (presence
of pronounced dispersion) prevent the transmission of wide-band information,
particularly broadcast television.

Another deficiency of the HF communication systems is the great dependence
of their operation on the conditions of the atmosphere and, as a result of this,
the susceptibility of the radio communication to failure. Radio links which
pass through the polar absorption zone or lie in this zone are most frequently
subjected to impairment of communication, including complete blockage for
several days during the time of severe ionospheric storms (refs. 3, L4, 5 and 6).

*Numbers given in the margin indicate the pagination in the original foreign
text.
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2. The radio communication systems using the diffuse propagation of the
radio waves in the UHF band (tropospheric and ionospheric scatter radio links),
which have received major development in recent years as a result of the fact
that they are practically immune to the effect of the ambient conditions, do
not provide sufficiently high quality of transmission, have a limited passband
(also unsuitable for television transmission) and relatively high cost. In
addition, these communication systems cannot be used on many transoceanic lines
as a result of the impossibility of installation of intermediate retransmitting

points.

3. The underwater transoceanic cable lines also have a limited width of
the transmission band, and their capacity cannot provide for the expected
increase of radio communication on the transoceanic lines, which, as estimated
by the U.S. specialists (ref. 3), by 1970 will increase by more than a factor
of 7 in the comparison with 1950.

4. The waveguide communication lines using the millimeter band, providing
an exceptionally wide passband, at the present time cannot be realized in view
of their high cost. In addition, it is practically impossible to use such sys-
tems on the transoceanic lines (ref. 125).

The UHF and decimetric wavelength radio relay links with retransmitting
stations on board AES do not have the disadvantages of the existing communica-
tion equipment; thus they seem to have great promise for the creation of Zig
reliable and high-speed Earth communication systems.

Although indications had been made of the possibility of using AES in
systems for long-range radio communication, including the transmission of tele-
vision over long distances, long ago (refs. 7, 8 and 9), up to 1957 their use
for the solution of the problem of long-range communication was considered to
be scientific fantasy. The launch of the first Soviet Sputnik on 4 October 1957
opened up a new era in the mastery of outer space. The possibility of the
creation of an artificial planet was proved in practice. This also proved the
possibility of the use of AES as potential carriers for the rebroadcasting sta-
tions. The rapid development of rocket technology since 1957 gives a basis for
presuming that already at the present stage the systems for ground communication
using AES are advantageous, not only from the point of view of technical cri-
teria, but also from the point of view of economics. The data on the weights
of some Soviet satellites and space rockets give an impression of the rate of
development of rocket technology (ref. 10):

First artificial satellite (L4 October 1957) 83.6 kg
Second artificial satellite (3 November 1957, 508.3 kg
Third artificial satellite (15 May 1958) 1,327 ke
First space rocket (2 January 1959) 1,472 kg
Second space rocket (12 September 1959) 1,511 kg
Third space rocket (L4 October 1959) 1,553 kg
First spacecraft satellite (15 May 1960) 4,540 kg
Second spacecraft satellite (19 August 1960) 4,600 kg
8
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The increase of the payload and reliability of the rockets leads to a
sharp reduction of the cost of communication systems using AES.

Studies of U.S.

authors (ref. 11) have shown that while in 1958 the cost per kg of launching a
satellite into orbit around the Earth amounted to 2 million dollars, by 1964
the cost was about 200 dollars per kg.

After these introductory remarks let us turn to a more detailed considera-
tion of the specific question of the design of a radio relay system for ground
communication using retransmitting stations located on board AES.

2. Types of Orbit

/11

If undisturbed motion is considered, then the Keplerian laws for the motion
of planets around the Sun are applicable to the satellites orbiting about Earth

(refs. 12 and 122).



In accordance with Kepler's first law one of the foci of the ellipse along
which the AES moves must be located at the center of Earth; the second focus will
be located at that same distance from the apogee of the satellite orbit as the
center of Earth is from its perigee (fig. I-2).

According to Kepler's second law (law of areas) the radius-vector of the
satellite describes equal areas in equal intervals of time (fig. I-3).

According to Kepler's third law the square of the time of revolution of
the satellites around Earth is proportional to the cube of the semimajor axes
of their orbits (fig. I-2)

T° = ka3, (1-1)
c

where Tc is the period of revolution of the satellite in orbit;

a is the magnitude of the semimajor axis of the ellipse;
k is a constant.

Figure I-2. Geometric illustration on
Kepler's first law.

Figure I-3. Geometric illustration on
Kepler's second law.

10
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The exact form of the orbit is determined by the eccentricity e, equal to
the ratio of the distance between the foci ¢ to the semimajor axis a. For ~Zl§
e = 0 the ellipse degenerates into a circle, and the orbit will be circular.
The circular and elliptic orbits are divided, in turn, into:

(l) polar, if the plane of the orbit includes the axis of rotation of the
Earth;

(2) inclined, if the plane of the orbit does not include the axis of rota-
tion of Earth and is not orthogonal to it;

(3) equatorial, if the orbital plane coincides with the equatorial plane
of Earth (orthogonal to the axis of rotation of the Earth). 1In particular, the
equatorial circular orbit at an altitude of h = 36,000 km above the surface of
Farth is termed a stationary orbit. The period of revolution of a satellite in
this orbit is 24 hours, and the satellite appears stationary for the observer
on Earth.

3. Principles of Use of AES for Ground Communication Systems

ABES can be used as active or passive signal relays for sighals transmitted
over long distances. Let us consider in more detail each of these cases.

Active Relay of Signals by AES. Two different methods of accomplishing
the active relay of radio signals through the AES are possible (refs. 121 and
123):

(1) the method of immediate relay without delaying the information {con-
ventional radio relay communication);

(2) the method of relay with delay (storage) of the signal on board the
satellite.

In the first case the AES radio relay operates on the principle of the
conventional radio relay station, i.e., it transmits the information to Earth
directly after reception, without time delay. In this case, communication is
possible only when the AES is simultaneously visible from both ground stations
(fig. I-4).

In the second case, the operation proceeds as follows: during passage of
the AES over the ground transmitting station the information to be transmitted
is beamed to the AES and is there recorded on either magnetic tape, magnetic
drum or magnetic disk. During the passage of the satellite over the ground [53
receiving station, the stored information is transmitted to Earth with the aid
of a programmer or on interrogation from Earth (fig. I-5).

Relay stations with time delay of the information can accomplish /lh
selective communication in definite geographical zones. It is possible to store
a large volume of information and transmit it to points located thousands of
kilometers from the transmitting station at any point on Earth. A global com-
munication system of this type does not require high power or a large number of

11



Figure I-4. Active relay.

Figure I-5. Active relay with storage
of signals.

operational frequencies, since it does not require fulfillment of the condi-
tion of simultaneous visibility of the satellite from both of the corresponding
points; the satellite altitude flight is not high.

Passive Relay of Signals by AES. In this case there is no radiotechnical
equipment on board the AES. The radio waves radiated by the ground stations
are reflected by the surface of the AES, which becomes the source of secondary
radiation received by the ground receiving antenna.

It is obvious that the power requirements for radio links using passive
relay through the AES is considerably higher than for radio links with active
relaying. However, communication systems with passive relay do have a number of.
advantages, including (ref. 125):

12



(a) simplicity and reliability, associated with the absence of equipment o
board the satellite (in the simplest case the AES is an inflatable metal sphere);

(b) flexibility with respect to the choice of the operating frequency and
operating mode, requiring in case of necessity only an slteration of the operat-
ing conditions of the ground equipment;

(c¢) possibility of simultaneous relay of signals by various ground
stations at different frequencies without creation of mutual interference,

4., BSelection of Optimal AES Orbit for Creation of Global
and Local Ground Communication Systems

The selection of the specific form of satellite orbit for the design of a
ground communication system is determined by the problems which the communica-
tion system is called on to resolve. The entire spectrum of possible problems
is divided into two major groups: the problem of the provision of worldwide
communication (global communication systems) and the problem of communi- Zli
cation within individual regions of Earth's surface (local commnication
systems).

Various methods of resolving both of these groups of problems are described
in the literature. We shall consider some of them.

Global Communication System Based on Three Stationary Satellites. As we
mentioned, the stationary satellite is the name given to the satellite in an
equatorial orbit with a period of revolution equal to the period of rotation of
Earth about its axis (Tc = 24 hr), and an altitude h = 36,000 km above the

surface of Earth. For a ground observer this satellite will appear motionless.
Three stationary satellites having equidistant spacing with intervals of 120°
provide for "illumination" of 98 percent of the area of Earth's surface, with
the exception of small regions around the poles (ref. 13). In order to cover
the terrestrial hemisphere, the satellite antenna must have a beam width

o = 18°. The maximal slant range from the ground station to the satellite is
equal to 42,000 km.

In fig. I-6 the symbols C 02, C3 denote the stationary satellites and

l’
Pl’ P2, P3 denote the ground relay stations located on the boundaries of the

individual zones of visibility for their communication with one another. 1In
reference 13 it is indicated that with construction of relay ground stations

in Africa, Tokyo and Houston and equidistant positioning of three satellites it
is possible to accomplish long-range radio communication between practically
all the countries of the world; using two satellites, one over the Atlantic
Ocean and the other over the Pacific Ocean, it is possible to create a commu-
nication system which encompasses the majority of the capitalistic countries.

The creation of a communication system using stationary satellites will
apparently encounter several difficulties of a practical nature (refs. 3 and lh),

13
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Figure I-6. System of three stationary
satellites.

associated with the launch of a heavy satellite into high orbit and maintenance
of its position in orbit (the gravitational disturbing action of the gravita-
tional fields of the Moon and Sun will distort the satellite orbit) and with

the necessity for precise orientation of the satellite antenna system toward
Earth. Thus, for example, in reference 11 an accuracy of stabilization of the
antenna system on board the satellite equal to + LO is assumed. Zié

The U.S. specialists consider (ref. 3) that the state of rocket technology
limits the magnitude of the useful load of the satellite which can be launched
at the present time into a stationary orbit to a weight of the order of 180 kg.
The distribution of the weight of such a satellite between the individual ele-
ments of system equipment designed for 96 telephone channels is shown in table

I-1.

An ides of the possibilities of such a satellite is given by the data
characterizing the variation of the average relay transmitter power as a func-
tion of the satellite weight (ref. 3). This relation is shown in figure I-7. [;Z
From the figure we see that with a repeater weight of about 30 kg the average
output power will amount to about 3 W. In connection with the tendencies toward
increase of the booster power, the weight of the repeater will go up. There
will be a corresponding increase in the average output power of the transmitter.

We might also consider the variant of the global communication system with
passive relay. In this case an inflatable metallized sphere of large diameter
launched into a stationary orbit serves as the repeater. Among the drawbacks
of this system is the presence of large disturbances of the orbit as the result

of the pressure of the solar rays.

As an example of the solution of the problem of providing local communi-
cation, we shall present one of the possible variants of provision of communi-
cation for the portion of the northern hemisphere adjacent to the North Pole,
and also the transatlantic communication system.

1y
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TABLE I-1

Item weight in % of total

Equipment item weight of satellite

Communications equipment 12
Stabilization system, including

fuel supply 23
Power supply 39

Structure L 26

Communication System for the Northern Hemisphere Based on Satellites in
Inclined Elliptic Orbits. Reference 15 presents data on the geographical dis-
tribution of the population and telephones on the surface of Earth, excluding
the USSR and China (fig. I-8).

We see from the figure that the communication requirements in the northern
hemisphere are considerably higher than in the southern. We can also note that
the provision of communication for the regions of Earth between 30 and 60°N
resolves, basically, the problem of global communication as well. The com- Zi§
munication system proposed by the authors of reference 15 based on satellites in
elliptic orbits with apogee in the northern hemisphere solves, in addition to
the problem of providing communication between 30 and 60°N, also the problem
of the communication in the northern polar basin, where the presence of zones of
anomalous absorption does not permit reliable communication using shortwaves.
From the point of view of the optimal radio illumination, it would be advisable
to construct communication systems in polar orbits. But, as a result of the
deviation of the gravitational field of Earth from centrality because of the
oblateness of Earth, the apogee will drift in the orbital plane and after some
time will be displaced into the southern hemisphere. Analysis of the movement
of a satellite with account for the deviation of the gravitational field of Zig
Earth from centrality, presented in reference 16, shows that the rate of drift
of the apogee is equal to zero for an inclination of the orbit to the equatorial
plane of 63°.

Calculations of the time of simultaneous visibility of the satellite from

New York and London have shown that one satellite in an elliptical orbit in-
clined at an angle of 630, with a period of revolution of 6 hr, apogee height of

15
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12,600 miles (20,000 km), and a perigee height of 300 miles (500 km), is visible
similtaneously at both points on the average about 9 hr a day (ref. 15). Four
satellites, suitably phased, provide for almost around-the-clock radio illumina-
tion of all points of Earth's surface above 40°N. 1In addition, there 1s the
possibility of maintaining intermittent (scheduled) communication via satellite
even in regions of southern Asia.

In order to cover the terrestrial hemisphere, the satellite antenna must
have a beam width, when the satellite is at the apogee, of o = 28°, The maximal

slant range is 25,600 km.

Transatlantic Communication System Using Satellites in Circular Polar
Orbits. Pierce and Kompfner (ref. 17) have analyzed the possibilities of creating
a transatlantic communication system (the Newfoundland-Hebrides Islands line)
with relay via AES. In order to determine the orbits, inclined or polar, which
are optimal for this case, they carried out calculations of the time of simul-
taneous visibility of the satellite from two points: Newfoundland (hBON, 550W)
and Lewis Island (Hebrides, S50°N, T°W) for satellite flight altitudes of 800,

1,600, 2,400, 3,200, 4,000 and 4,800 km.

Figure I-9 shows the zones of simultaneous visibility for the flight alti-
tudes listed above, from which we can calculate the time of simultaneous visi-
bility of the satellite from given points for various orbital altitudes as a
function of the longitude of the orbits.

16



Figure I-9. Zones of simultaneous visibility of satellites
in polar orbits at differing altitudes.

TABLE 1I-2

Height above Earth's surface, km

Parameter

800 ]1,600' 2,400 | 3,200 | 4,000 | &,800
Period of revolution T_, min | 100.k 118.0 [ 136.0 [ 155.0 | 175.2 | 195.2
Average time p, 3.5 6.9 12.9| 17.7| 19.6| 22.0

Computations were made for 72 polar orbits at intervals of 50 of longitude,
and the average time of simultaneous visibility was determined in percent [gg
of the orbital period. The results of the calculations are presented in table
I-2. (Optical visibility and elevation angle of the ground antenna of & = o°
were agsumed.)

Similar calculations made for a satellite in an orbit inclined at an
angle of 55° and an altitude of 3,200 km showed that the average time of Zgl
visibility in this case is reduced from 17.7 to 10.2 percent. Thus, polar orbits
are optimal for this case.

It was assumed that the elevation angle of the ground antenna was 6 = 0°.
However, as a result of Earth and atmospheric interferences, particularly

17



important in the case of a sensitive receiver with parametric or molecular am-
plifiers, and also as a result of anomalously high refraction and the danger of
fading because of multipath reception due to the reflection from the surface of
Earth, the antenna must be raised somewhat above the horizon. In this case

the time of simultaneous radio visibility of the satellite will be reduced.
Calculations were made of the simultaneous radio visibility of a satellite with
a flight altitude of 4,800 km for various antenna elevation angles: & = 0, 3.25,
T7.25, 12.6°. (The magnitudes of 6 were selected from the condition that with
these values of the elevation angle of the antenna the radio visibility of a
satellite at an altitude of 4,800 km will be the same as the optical visibility
of a satellite with altitudes of 4,000, 3,200, 2,L00 km, respectively.) The
results of the calculations are presented in table I-3.

7.25° the radio visibility
0% to 17.7 percent.

We see that with an antenna elevation angle §
of the satellite is reduced from 22 percent with §

For 2h-hour or nearly 2L4-hour communication a definite number of satellites
is required. Here we can consider two cases:

(1) The satellite orbits are synchronous relative to one another.

With suitable relative positioning of the satellites, practically around-
the-clock communication will be provided, if we include in the system n = 100 /p
satellites, where p is the average time of radio visibility in percent. Table
I-4 presents the data on the required number of phased satellites for several
altitudes with 8 = O, and table I-5 the same for an altitude of 4,800 km with ng

various 6.

(2) The satellite orbits are identical but not synchronous, and the satel-
lites have random distribution in space and time.

If £ is the portion of the period during which the satellite is simulta-
neously visible by both correspondents (averaged over a large number of orbits),
then (1-f) is the probability that the satellite will not be seen by the cor-
respondents. For n satellites the probability that none of them will be seen

is equal to

i=(1—f)". (1-2)

Whence, assuming a definite value of the communication reliability 1-i, we find
the number of satellites required to provide this reliability

TABLE I-3

Antenns elevation angle 8, deg [ 0 ' 3.25 ’ 7.25, 12.6

Average time p, % l 22| 19.6 ‘17.7 ] 12.9

18



. logi
n—m. (1'3)

TABLE I-4

Flight altitude h, km | 800 |1,600 | 2,400 | 3,200 | 4,000 | 4,800

Number of satellites n | 28.6 | 14.5| 7.75| 5.65 5.1 4.5

TABLE I-5

Antenna elevation angle 8, deg | O 3.25 | 7.25 |12.6

Number of satellites n L515.1 [5.65| 7-75

The authors of reference 17 made the calculations for the number of satel-
lites n with different values of 1l-i for different flight altitudes with 6§ = 0O
and for the single height h = 4,800 km with differing 8. The results of the
calculation are summarized in tables I-6 and I-T7.

Comparison of the data of tables I-4, I-5, I-6 and I-7 shows that synchroni-
zation of the orbits gives a very considerable gain in the number of satellites
required for the organization of reliable communication. /23

The further analysis included only the h = 4,800 km altitude. The field
of view of Earth's surface from a satellite at this flight altitude is equal
to o = 70°. The maximal slant range Rpax = 9,200 km.

All these communication systems belong to the class of systems using im-
mediate relay, for which a necessary condition is that of simultaneous visi-
bility of the satellite from the corresponding points between which the com-
munication is to be established. Several authors have proposed systems with a
delay of the signal, in which the information is transmitted from the ground
station at the moment of passage of the satellite over it, is recorded and then
is reproduced at the time of passage of the satellite over the intended receiv-
ing station (refs. 18 and 19). One of the possible variants which has been
suggested (ref. 1lh) is the active relay system with delay of the signal which
is based on satellites launched into equatorial circular orbit with an altitude
of about 2,000 km. The field of view of Farth's surface from the satellite [g&
is equal to a = 100°; the maximal slant range is equal to Ry 4 = 5,400 km.

Based on this consideration of the various methods of constructing ground
communication systems using AES, we can formulate certain general principles
which must be followed in the selection of the communication satellite orbits.

In the general case the problem is posed thusly: we are required to pro-
vide 24-hour communication over a certain area of Earth's surface.

19



TABLE I-6

Number of satellites n
Altitude, km (———— — - e B
1-1 =109 | 1-i = 1% | 1-i = 0.1% | 1-i = 0.01%
800 62.5 125 187 | 250 _
1,600 32.3 6.6 96.9 129.2
2,400 16.7 33.3 50 66.6
3,200 11..8 23.6 40 ht.2
k,000 10.5 21 31.3 Lo
4,800 9.0 18.5 27.5 37
TABLE I-7
Number of satellites n
6, deg
1-i = 10% | 1-1 = 5% | 1-1i = 1%
0 9 12 19
3.25 11 14 21
7.25 iz 15 2k
12.6 17 22 33

Tt is evident that the choice of the optimal orbit depends on the area of
the territory, the geographical location (high, medium or low latitudes) and the
configuration (the extent in longitudinal or latitudinal directions). It was shown
that the communication systems using satellites in synchronized orbits is con-
siderably more economical than the communication systems using satellites in
random orbits, since in the first case the number of satellites required for
commnication is considerably less than in the second, particularly if we are
required to provide a communication reliability close to 100 percent. There-
fore, in the future we shall consider only the case of the synchronized orbits.

With the use of the synchronized orbits we can suggest the following simple
method of design of a satellite system providing 24-hour radio illumination of
a given territory. Let us calculate the time of simultaneous radio visibility
of a single satellite from the given territory during a large number of orbits.
We shall find the minimal time of radio visibility of the satellite Atmin (in

the ith orbit) and determine the satellite coordinates for this orbit relative
to Barth's surface, and also the time of radio visibility and radiorise and
radioset of the satellite in the given territory. It is evident that 24-hour
radio illumination of the given territory will be provided by a system of n

satellites, where

T
C

n= s
Atmin




where Tc is the period of revolution of each of the satellites following one
after the other at equal intervals of time Atmin and phased so that in the worst

orbit (minimal time of radio visibility) at the moment of radioset of the kth
satellite of the system the (k + 1)th satellite is rising. The necessary /25
condition for the creation of such a satellite system is a nonzero value of the
minimal time of simultaneous radio visibility Atmin of one satellite of the sys-

“zm from the given territory. For given configuration and size of the "illu-
~-'nated" territory this condition imposes a limitation on the height of the
orblt-~the orbital altitude must be greater than some minimal value for which

With increase of the orbital helght, the zone of radio illumination by the
satellite of the territory of Earth's surface expands, and the time of minimal
simultaneous radio visibility of the satellite from the given territory At ;.

increases. According to Kepler's third law the period of the revolution Tc also
increases. The time of minimal radic visibility‘Atmin depends not only on the

orbital height, but also on the shape of the orbit (magnitude of its eccentricity),
and its orientation relative to Earth (polar, inclined, equatorial). Thus, the
number of satellites in the system n is a complex function, depending on several
variables.

From the point of view of reduction of the economic expenditures on the
creation of the satellite system and convenience of handling, it is desirable
to have the minimal possible number Doin of satellites in the system. Under
this condition, the costs of satellite launches are reduced, the time of simul-
taneous radio visibility of a single satellite is increased, which alleviates
the problem of tracking the satellite by the ground antennas and reduces the
number of interruptions in communication (with the "swing" of the antenna from
the setting satellite to the "rising"); the problem of synchronizing the satel-
lite orbits is also eased. From the point of view of reducing the power required
for the radio link it is desirable to reduce the orbital height, which can be
done by increasing the number of satellites. Consequently, the solution can only
be a compromise and must take account of the various aspects (economic, power
consumption, equipment and others) of the creation of the entire communication
system as a whole, and not simply the system of satellites.

We will show that with a high degree of accuracy of orientation of the
satellite antenna pattern toward the center of Earth the required satellite
transmitter radiation power increases only slightly with an increase of the [gé
flight altitude. The increase of range is compensated by a corresponding
increase of the amplification factor of the transmitting antenna, since with
increase of the altitude there is a reduction of the field of view of Earth's
surface from the satellite. Consequently, with a simple and reliable stabiliza-
tion system on board the satellite, which provides a high degree of accuracy of
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orientation of the satellite in space with small energy consumption (for ex-
ample, a system of spatial orientation using the gradient of Earth's gravitational
field), the optimal orbit will be that for which the number of satellites in the

system is minimal (n = n_; ).

For 24-hour radio illumination of large territories adjacent to the equator
it is advisable to use stationary satellites. One stationary satellite located
over the Atlantic Ocean will provide 2L-hour radio illumination of the territory
of all countries of South America, Western Europe, the countries of Africa (with
the exception of Somali and part of Abyssinia), the territory of the USA (with
the exception of Alaska) and part of the territory of Canada and Greenland. One
stationary satellite located over the Indian Ocean will provide 24-hour radio
illumination of the major portion of the territory of the USSR (with the excep-
tion of the islands in the North Arctic Ocean and Chukotka), the territory of
the countries of Eastern Burope, Asia Minor, India, China, Australia and part of

Africa.

A major advantage of the stationary satellites is their "immobility" rela-
tive to the ground observer, which eliminates the problem of tracking the satel-
lite. In addition, fixed antennas can be made very efficient. Their disadvan-
tages were noted before (small payload in orbit, high demands on the orientation
accuracy, disturbances of the orbit as the result of the action of the gravita-
tional fields of the Moon and Sun).

In certain cases the need arises for provision of 24-hour communications for
the territories lying near Earth's poles. We have shown the method of designing
a global communication system based on three equidistantly spaced stationary
satellites. A disadvantage of this communication system is that the regions
adjacent to Earth's poles are not illuminated. The upper limit of the zone égz
of radio visibility of the system of three satellites 1is 76.5°N with Gmin = 5Y;
the lower limit of the zone is the latitude of intersection of two neighboring
zones of radio visibility of individual satellites, equal to 62°N with 8min =

50. Thus, a portion of the mainland territory of the USSR, the islands in the
North Arctic Ocean and all of the North Polar Basin are eliminated from the
overall communication system.

In connection with the increase of international traffic, there is in-
creased interest in the North Polar Basin, since the air route across the North
Pole is the shortest distance from the USSR to North America (Canada, USA). We
mentioned previously that the shortwave radio circuits, passing through the
zone of polar absorption or the links lying within this zone, are frequently
subjected to communication breakdown and are not suitable for provision of
communications with a reliability of 100 percent. This problem can be resolved
most simply by satellites.

It is easy to show that for the design of a system of satellites providing
2h-hour radio illumination of the territory to the north of some latitude %y

(in the present case Py = 620N) it is advisable to use satellites in elliptic

orbits with an apogee in the northern hemisphere. According to Kepler's second
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Figure I-10. System of two satellites in
elliptic orbits.

law (law of areas) a satellite travels considerably faster in the region of the
perigee than in the region of the apogee. Consequently, the satellite is longer
in the apogee, and the line of time symmetry c'd' is shifted relative to the
line of symmetry of the ellipse a'b' (fig. I-10).

It is evident that if we launch two satellites into an elliptic orbit {28
and phase them so that at the moment of setting of the first satellite at the
point P2 of the orbit the second satellite rises at the point Pl of the orbit

(satellites separated by a time interval equal to half of the period Tc), we

can provide 2h-hour radio illumination on the territory to the north of some
latitude ¢ . The advantage of this communication system is the absence of
ground reldy stations. With the use of circular orbits the analogous problem
is solved by the presence in the system of a minimum of three satellites, be-
cause in this case the line of time symmetry coincides with the line of sym-
metry of the orbit, and the time of radio visibility of the satellite is always
less than half the period of revolution Tc'

We should note that the construction of a communication system to the north
of some latitude ) using satellites in elliptic orbits is advantageous not only
from the economic point of view, because the number of satellites in the system
is minimal, but also from the energy point of view, since the maximal height of
the satellite orbit (apogee height) in the elliptic orbit in the system of two
satellites is less than the height of the orbit (distance to the surface of
Earth) of the satellite in a circular orbit in the system with three satellites.
Calculations show that the problem of providing 24-hour radio coverage of the
territory to the north of wo = 62° is solved by two satellites in an elliptic
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orbit with inclination i = 6&0, perigee height hp = 500 km and apogee height
h = 23,000 km (the value i = 6&0, close to 1 = 63.50, was chosen to prevent
a

drift of the apogee in the orbital plane due to the deviation of the gravitational
field of Earth from centrality as the result of its oblateness; with i = 6h0 the
displacement of the apogee after one year will not exceed 5°) (refs. 13, 15 and
125). The minimal elevation angle of the ground antenna Gmin was taken as 10°.

With this value of elevation angle 6min the system of three satellites in circu-

lar orbit cannot solve the stated problem with any altitude of flight. This
problem is solved by a system of three satellites in a circular polar orbit, if
we set 6min = 0 and launch the satellites into an orbit with an altitude

h = 190,000 km. The problem of radio coverage of the given territory with

émin =.10° is solved by a system of four satellites in circular polar orbit with
h = 45,000 km. This comparison gives a vivid illustration of the advantages /29
of the elliptic orbit in comparison with the circular.

We can draw the following conclusions

(1) The selection of the optimal orbit of the satellite must be performed
separately for each specific communication system and must take account of such
factors as the geographic location and dimensions of the territory for which
the given system is intended; the cost of the satellite system and the cost of
the ground equipment; the capabilities of the onboard power sources; the re-
liability of the onboard equipment, payload in orbit, etc. (ref. 81).

(2) for provision of 2L-hour communications over large territories near
the equator it is advisable to make use of stationary satellites (ref. 13);

(3) for provision of 2l-hour communication in the regions near the North
Pole it is advisable to use satellites in elongated elliptical orbits with
apogee in the northern hemisphere (ref. 15).

In this discussion we have used the concept of the time of simultaneous
radio visibility of the satellite from the ground. We have shown that this
parameter is the determining factor in the selection of the optimal orbit. 1In
the following pages we shall consider the method of calculating the time of
simultaneous radio visibility of the satellite from some territory of Earth's

surface.

A satellite is "visible" simultaneously from some territory if it is
"visible" from any point of this territory. For the calculation of the time
of simultaneous visibility of a satellite from some territory it is necessary
to determine for each orbit the moments of radiorise and radioset of the satel-
lite for all the points of the given territory, and the difference of the times
of the latest radiorise and the earliest radioset will be the time of simul-
taneous radio visibility of the satellite from the entire territory.

*
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It is obvious that it makes sense to carry out these calculations only
for the points on the boundary of the territory. Depending on the configura-
tion of the territory, in practical calculations we usually limit ourselves to
4, 3 or even 2 points. We shall derive the equations for the determination of
%he time o§ radio visibility of a satellite from some point of observation S

fig. I-11).

The satellite is "visible" (radio visibility) from an observation point,

- s o O . a ') e . 0] -

if the condition ZPSO 2 90% + amin is satisfied, where smin is the minimal
elevation angle of the transceiving station antenna located at point S. It {30
is evident that in the case of equality, when /PSO = 90° + 8;,, the distance

between the satellite and the observation point is maximal.

We obtain the equation for the maximal slant range from the triangle PSO
by using the theorem of cosines

2 . 2 2
R . (t) + 2R (t) R, sin 8 in * RS - Rc(t) =0, (T-4)

where R (t) is the maximal distance between the satellite and the observation
max . . . .
point (varies in the course of time t);
Rc(t) is the radius vector of the satellite, measured from the center
of Barth (varies with time t);

RO is the radius of Earth.

Solving equation (I-}4) relative to R (t), we find

Rpax )=V R, () — R, + Rysin®d | —Rosind (1-5)

in

Figure I-11. Geometry of problem on determination
of satellite equivisibility.
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x
Figure I-12. Coordinate system for determination
of satellite equivisibility.

Thus, at the instant of time t the satellite is visible from the observa-
tion point S, if the condition R(t) < Rmax(t) is satisfied. Let us find the

variation of R(t) with time. It is known that in the Cartesian coordinate
system x, y, z the distance between points with coordinates x,, Yos %o and

X5 yl, zy is equal to

R=y/ ;= x4y F+ s — 1.y + (Z—2)" (1-6)

In the spherical coordinate system r, ®, A (fig. I-12) fixed with the /3
center of Farth (latitude ¢ is measured from the equatorial plane, longitude
A from the Greenwich meridian) the Cartesian coordinates x, y, z are written

in the form

X==rcospcosi,
Yy=rcospsina,
= rsin¢.
Substituting in (I-6) in place of X, ¥yo, 2o X5 Vs 2 the expressions
C)

) Xc’ RO’ wo, XO, we obtain

RO=
—V/ R (R —2R,Re(B)cos Pel) 0 [Ao(t)—A,] cos to—

2R, () sin ¥ (7) Sin $oRo-
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We see that in order to clarify the variation with time of the functions
R(t) and Rmax(t) we must know the variation with time of the coordinates of

the satellite Rc(t), wc(t), xc(t).

The most general case is that of the motion along an inelined elliptic
orbit. Let us consider this case. It is known that the location of a satellite
in the orbit is determined by the radius vector Rc and the value of the instan-

taneous anomaly f--the angle between Rc and the axis of the apsides (fig. I-10).

The variation of the true anomaly f with time is determined by means of
the solution of the transcendental equation (ref. 20)

=, 1=
.- {==arccos [? mﬁ‘]—

1— e 3
—€ l/l_ e —e(l+ecosf)] ’

Va: — b2
a

(1-8)
where e is the eccentricity of the ellipse (e:: ) with semimajor and semi-
minor axes equal to a and b, respectively;
orm/T is the average angular velocity of the satellite (w,) in the orbit
with the period of revolution T . Time t is reckoned from the

time of passage of the satellits through the perigee.

From the known value of the true anomaly f we find the corresponding value
of the radius vector Rc /32

_a(l—ed)

Re — I+ecosf’ (1-9)

Assuming that the angle of inclination of the orbit to the equatorial
plane of Earth is equal to i and that the longitude of the perigee at the moment
t = 0 is equal to ch, from geometric considerations we obtain the following

equation for the instantaneous latitude ¢ and longitude )\_ of the satellite
c c

9o (f) = arc sin [ —cos fsin {], (1-10)
Ao (f)=2cq — @yt }= — arctg [— 1 f sec i], (1-11)

where w is the anguiar velocity of rotation of Earth about its axis, equal to
€ o. 25 deg/min.

Example. With 0 < £ < 2m
180° > arc tg [— tg f-sec i > — 180°,
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If the orbit is circular, then f = w,t, Rc = RO + h, where h is the height

of the orbit above the surface of Earth, and consequently

9o () =atc sin [— cos w,tsin i], (1-10')
A; (f)=2,, — @ t 4= — arc tg [—tg o.t sec i] (1-11')

The equations for @c and Xc (and, consequently, also for R and R ) have

the simplest form in the case of polar and equatorial circular orbits.

Polar orbits(i = m/2) o — % — oyt
c"—'"‘f— cty

A, =12, —oyt
at the moment t = O, the satellite is over the South Pole.

Equatorial orbits (i = 0)
e =0
A= zc. — o f — wct,
Analysis of equatiomns (I-8), (I-9), (I-10) and (I-11) shows that for the

determination of the time varistion of the satellite coordinates Rc’ ¢, and kc,

it is necessary to know the following orbital parameters: value of the semi- Z33
major axis a, eccentricity e, angle of inclination of the orbital plane to the

equatorial plane 1.

It is evident that the semimajor axis a and the eccentricity e are known,
if the altitudes of the apogee h, and perigee hp are known

o
[}

To find the times of radiorise and radioset of the satellite at the point
of observation with the coordinates RO, $o and Ay, we construct on a single

drawing the graphs of the relations R(t) and Ry, ,(t), and from the condition

R(t) < Rmax(t) we Tind the time of radio visibility of the satellite from the

observation point S after the ith orbit.
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We procee: similarly to calculate the time of simultaneous radio visibility
of ihe satel'ite from two or more observation points. For each observation
point we calculate the variation with time of the distance from the point to the
satellite, and on one drawing we construct the plots of Rl(t), Ra(t), ey Rk(t)
and Rmax(t).

From the condition that simultaneously

R (t) SR (t),

Ry(t) <R (t),

R (8) < Ry (1),

we find the time of simultaneous radio visibility of the satellite At from the
observation points Sl, Sg, ey Sk‘

5. Power Analysis of Radio Link with Retransmission
Via AES

Since the power capability of the transmitter on Earth is considerably
greater than that of the transmitter on board the satellite, we shall considé;
only the satellite-Earth radio link.

/s
7
v
In the case of active retransmission, the communication equation is written
in the form (refs. 121 and 125) I3
16R? } !

in the case of passive retransmission the communication equation (radar trans-
mission equation) has the form "~

RiRZ84N

, — e ————————
P'y= N ,Trs F S0,

Pleru (1'13)

where Pt is the required satellite transmitter radiation power;

P! is the required ground transmitter radiation power;

0 is the receiver RF signal/noise ratio (ahead of the detector);
k is the Boltzmann constant;



1’ Fg

N

is the effective noise temperature at the receiver input;

is the RF passband of the ground receiver (ahead of the detector);

is the satellite transmitter antenna gain;
is the diameter of the ground receiving antenns;

is the diameter of the ground transmitting antenna with passive

retransmission;
is the diameter of the ground receiving antenna with passive

retransmission;

1s the slant range from the satellite to the ground correspondent
with active relay; .

is the slant range from the satellite to the transmitting station
on the ground;

is the slant range from the satellite to the receiving station on
ground;

is a safety factor which accounts for the absorption and fading of
the signal in the ionosphere and the absorption in troposphere;

same, but for the case of passive relaying (Fl—-on the path from
the ground station to the satellite; Fe--on the path from the
satellite to the ground receiving station);

effective scattering area of the satellite in the direction /35
towards the recelving antenna with passive relaying;

antenna area use factor (N ~ 0.5);

operating wavelength;

margin for loss due to nonuniformity of directivity pattern, for
loss in antenna feeder system, polarization losses.

Let us make an analysis of the various quantities appearing in the commu-
nication equation.

It is clearly sensible to calculate the power requirements of the radio
links, with both active and passive relay, for the worst case, when the slant
range between the corresponding stations (ground station-satellite) is maximal.

Consequently, we must take

B = Ry = R = Ry

30



We can show that with the satellite at an altitude h above Earth's surface the
maximal slant range with an elevation angle of the ground antenna of 6mi is
equal to

n

R =V R hy—Ricos's , —R,sin3 . (I-14)

n

where RO is the radius of Earth.
Note. For the case of the elliptic orbit the energy calculation must be
performed for h = ha’ where ha is the apogee altitude.

Since the gain G, of the transmitting antenna on board the satellite is
uniquely related with the width of the antenna pattern, evidently it must be
constant and must be determined by the field of view of Earth's surface from
the satellite o with account for the correction for the instability of the
orientation of the satellite towards the center of Earth y. Consequently, the
width of the antennsa pattern to the half-power point must be equal to 6 = o +
2Y, where o is the field of view of Earth's surface from the satellite, asso-
ciated with the satellite flight altitude h by the following relation

a=—2arcsin [ﬁ;cos 5min]. (1-15)

The average gain of an antenna with width of directivity pattern to the half-

power points 6 is equal to /36
2
C=—"—.
l—cos—;- (1-16)

Substituting in (I-16) the expression for & in terms of o and vy, we obtain
the following final expression for Gl

G — 2
1= .
1-—cos [arc sin (R.L-f.-k cos8pip +1] (1-17)

With travel of the satellite in the limits of the visibility of its ground
receiving station, the elevation angle of the ground antenna varies in the range
émin <8< 900. The slant range (distance between the satellite and the ground

station) varies in the range Rmax > R > h. Although the radiation power of the

onboard transmitter is constant, the signal/noise ratio at the input of the

ground receiver NO will still be variable. Here the differential between the

maximal and minimal values of Ny will be egual to Rgmax/h2 (with constant gain
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of the transmitting antenna). Evidently, in order to maintain a constant
signal/noise ratio at the input of the ground receiver it is necessary suit-
ably to vary the power of the radiation of the onboard transmitter, or to have
a transmitting antenna with a directivity pattern determined by the satellite
flight altitude h and the accuracy of orientation of the satellite toward the
center of Earth y. In the case of a circular satellite orbit with y = 0°, the
function describing the shape of the directivity pattern has the form (o) =

R(cv)/RmaX-

As the result of the spatial redistribution of the power radiated by the
transmitter, the signal/noise ratio NO for the case R = Rmax increases, while

for the case R = Rmin it diminishes. Since the design of the radio link is

made for the case R = Rmax’ the use of a transmitting antenna with a special

shape of directivity pattern gives a power gain (voltage gain) equal, /37
in the best case, to
Byex =

)

.
7
R. +h R. R’ s
4R——-—max(l—»cos 6)—5 R ‘/l —_ ( R—ma.x ) sin? x sin xdx

It should be noted that in practice the energy gain n will be less than
n because of the impossibility of constructing an antenna with a directivity
max

I

pattern exactly described by the equation for & («). Since the exact value of
the gain n is indeterminate, we shall not take account of it in the energy cal-
culations, and the realization of such a gain will give some margin in the
power of the radio link for the case of active relaying. In this case a marked
power effect is obtained only in the case of low-flying satellites, with

h = 2,000 km, n ~ 2.

The value of the RF signal/noise ratio Nb appearing in the communication

equation (I-12) is determined by the required quality of the transmisssion and
the form of modulation or keying used.

For space radio links, characterized by long communication distances and
limited power potential of the onboard repeater, the question of the choice of
the optimal form of modulation becomes particularly acute. For this reason we

shall study it in more detail.

Comparison of Various Methods of Information Transmission. There are
various criteria for the comparison of the methods of transmitting information.
We shall make use of the criteria used in reference 21. Here two characteristics
are taken as primary for the communication system--the noise immunity and the

efficiency.
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Noise rejection of a communication system is the term given to the capa-
bility of the system to oppose the harmful effect of interference on the trans-
mission of information. The quantitative measure of the noise immunity is the
degree of correspondence of the received information to that transmitted, Zj@
i.e., the accuracy of the reproduction of the information at the point of
reception.

With the transmission of continuocus information, the criterion of the

accuracy of the reproduction can be the mean square error

e=Ta{t) — o (O, (1-19)

where u(t) and v(t) are, respectively, the ensemble of the transmitted informa-
tion and of the received information at the point of reception.

The relative error is defined as the ratio

§ o2, (P df
=-;—-=—-—-——————Fm =7§%’ (1‘20)
§P... (Hdf

where cm(f) is the noise intensity at the output of the receiver at the frequency
f;
Fm is the receiver low-frequency passband;

Pm is the average signal power at the receiver output.

Thus, the relative error is completely defined by the ratio of the average
noise power Sm at the output to the average information power Pm.

For practical calculations the criterion of noise immunity can be taken to
be the gain B and the generalized gain B' of the system

N'm Nm
B’=_ﬁ_’:’ B=YVT, (1-21)
PuFm —_Pm,
where N'm==57: Nu=32;
P PF
N°=S_; N"’:—S H

33



S is the noise power at the receiver input;
F is the frequency band in which the noise power at the receiver
input is measured;
P is the signal power at the receiver input;
0’ Nﬁ are the signal/noise ratios at the input and output of the re-
ceiver, respectively. Zig

The gquantity B' completely characterizes the noise immunity, since, with
a given spectral density of the noise gt the input oe = S/F and a given power
of the input signal P, it makes possible a unique determination of the signal/
noise ratio at the output. The larger B', the less the power of the input
signal P required to obtain the given quality of the output signal with the
given noise intensity oe.

With the retransmission of discrete signals, the accuracy of the repro-

duction is determined by the error probability Perr'

For the evaluation of the efficiency of the communication system, reference
21 introduces a system of coefficients characterizing the utilization of the
basic parameters of the channel. These coefficients are the signal power use

factor--the B-efficiency,

_ V2V VB
b= =RNF=FN, (1-22)
and the channel frequency band use factor--the y-efficiency,
y (1-23)

where V is the rate of transmission of information in binary units per second.

In the case of space radio communication links, the power of the trans-
mitter 1s severely limited and the B-coefficient is the most important char-
acteristic for the analysis of the various methods of transmission of infor-

mation.

The upper limit for B can be obtained from the Shannon equation (ref. 22)
for the limiting handling capacity of the channel C with additive noise in the
form of normal white noise

V<C=:Fbg@%fkl) (I-2L)

Whence
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where 30 is the limiting value for an arbitrarily small error probability.

The upper limit of B is equal to l/ln 2 with y - O (F - »). The value
l/ln 2 is the absolute upper limit for B and cannot be exceeded in any real /4O
system with additive white noise.

In those cases when the peak signal power is limited rather than the aver-
age signal power (for example, in cases of passive retransmission, pulse modu-
lation methods), it is advisable to use the peak B-efficiency for the char-
acteristic of the system efficiency

Boenlc = 0>
‘peak Ppeak’ (I-221)

™

PPeak is the signal peak power.

Reference 22 introduces still another parameter--the channel capacity use
factor, or the T-efficiency

'n:g_ (I-26)

According to Shannon the channel capacity in the general case is determined
by the relation

H(A)—H (4
)T A (1-27)

C —max V =max

where H(A) is the entropy of the signal source;
HX(A) is the equivalent noise entropy.

For the continuous channel with fluctuating noise with uniform spectrum
the relation (I-24) is used, written in the form

C—_—Flog(g—{—l). (1-28)

On the assumption that the transmitted information has the statistical
structure of white noise, the transmission rate is determined by equation

P
V:leog<~s—m—l—l), (1-29)
where Fm is the frequency band of the transmitted information.
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The information transmission rate in a system with L discrete levels, [ 4L
in which all levels have identical transmission probability and identical error

probability, is determined by expression

1 -
V= 7 {logL—R.,..log (L — 1)+ grr log_g'rr
(1 — By log (1 — Ry

(I-30)
-
where Pe;r is the error probability;
% is the signal duration.
The lexpression for the T-efficiency of discrete communication systems can
be written in the form

V V
n:mna:l—d-g, (1'31)

where Vb is the transmission rate with ideal coding.

The quantity ﬂl, equal to V/Vb, can be termed the efficiency of the coding
system, and the quantity ﬂz, equal to Vb/C, is termed the efficiency of the

modulation system.

The channel parameter use factors are interconnected with one another by
the following relations

Y=ﬁ§. (1-32)
}
= — -
g (+1) (I-33)

The efficiency and the noise immunity are the most important criteria of
the operation of the communication system in the presence of noise. We shall
consider the best system to be that one which has the highest efficiency for a
given noise factor, or, on the other hand, the one having the highest noise

factor for a given efficiency (ref. 23).

Using these criteria, we shall make an analysis of the various methods of
information transmission (digital and continuous) from the point of view of
their suitability for space radio communication links.

For the transmission of discrete information, the most widely used /42
types of keying are frequency (FT), phase (PT) and pulse-time (PTT). Also
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promising are the multiple-stable-state systems with the use of orthogonal
signals. '

In the case of the reception of binary signals with amplitudes A,, A2,

duration 7T having identicsl energy, with duration of the observation interval

0’
T, the error probability of the ideal receiver is determined by equation

Perr =‘;‘[1 — @ (hy/T—p)], (1-34)

where % is the probability integral;
hg = Q,z/cs2 is the signal/noise ratio;
Q,2 is the signal energy;

p = T'Al('l:)A2(t)/Q,2 is the cross correlation coefficient.
For FT the equation for the signals have the form

A, ()= A4, cos (o,f |- ¢,) } o<t<n,.
A, (f)= A, cos (o +¢,) '

For these signals

— s}" [(0, — ;) 7]

(0 — )t ° (I‘35)

With a frequency separation equal to

©y— MWy k

2 Ty ?

vhere k is an integer, the condition p = 0 is satisfied and the potential
noise factor of the FT is determined from equation

PeprpT =%“ —‘I’(ho)j- (1-36)
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For PT
A, ()= A, cos (ot }-9,) }O<f<'c .
A, (f)== A, cos ("’ot'l_(?g) ’
For these signals /43
p == COS (¢, — ¥). (1-37)
In the case of 180° phase keying
PerrPT = [l —&(VZh). (1-38)

Thus, the potential noise factor for phase modulation with phase shift by 180O
coincides with the noise factor of the ideal binary system.

With pulse-time keying (PTT) the information is transmitted by means of
the variation of the position of the pulse in time.

For this form of modulation, the signals are written in the form

Al(t):Al (t_l_-A; COS(LDof—-l—-CPo) Tp T'p
(%) Y

Ay () ==A, (t — -"5) cos (g 4- o)

where Tp is the pulse duration.

Here

p= fog ¢
(1-39)
If the pulses do not overlap, thenA,(t —{—%‘)A,’z‘ ——%f)=0 and
\
1
PerrPTT::'E[I—”Q(hJL (I-40)

which coincides with the potential noise factor of FT.
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Let us consider the case of transmission of orthogonal signals which can
take m discrete values

A (), A®), o Am(d).

This system of signals is termed orthogonal, if
Ai(t)'AJ,(t) =0 with i £ J

It is shown in reference 25 that the potential noise factor of the system with

orthogonal signals is determined by equation fhh
! +0co 9
Y m_1 2
Popr = 1= 5z JU—0(VE hobp)™ e *dy, (I-11)
—00
where
o 1t
v(x)=1{e ” dL.

x

For L < 0.1 the following approximate equation (ref. 26) is valid with

a high degree of accuracy
Pepr = (m—1)[1—F(h,)] (I-42)

Reference 27 considers a telegraph system in which 32 orthogonal channels
are transmitted. A definite signal corresponds to each letter in this system.
Such signals can be, for example,

A, (t) = A, cos (w,f) O<ti<n,,

A, (f)=A, cos (o,¢ } Awl)

.................. Aok
It I
U A (6= A, cos (o, 4 31 80t) k is an integer.

The amplitudes AO and durations T of the signals for all letters are identical,

while the frequencies are different.

Figure I-13 presents the variations of the distortion probability P with

dis

transmission of the letters by orthogonal signals with m = 32 and by binary sig-
nals with a five-digit code (FT).
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Figure I-13. Distortion probability for 32 signals.
1, orthogonal system; 2, binary system with five-
digit code.
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Figure I-14. Effectiveness of binary communication
system.

Analysis of the curves shows that the orthogonal system with 32 signals
provides a higher degree of noise immunity than the binary system with the
five-digit code. With identical transmission rate, to provide the same error
probability in the orthogonal system the required signal power is less by a
factor of 3.5 than in the binary system.

References 28 and 29 carry out an evaluation of the p-efficiency, the
N-efficiency and the yY-efficiency of the binary and multiple-state orthogonal
systems. The results of the calculations for the binary systems are shown in
figure I-1k, where g denotes the quantity q = FTO (with optimal filtering q = 1).
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The curves of ﬂ2 for the various systems shown in figure I-15 are con- Zh6
structed for q = 1.

From the figures it follows that, from the point of view of the utilization
of the power and the bandwidth, the PT is a more advanced system than the FT and
the PTT. In the case of the multistate orthogonal systems, the utilization of
the power and the frequency bandwidth for a given error probability improves
with increase of m. The limiting value of B for the orthogonal system as
m~ ® is equal to 1/2 1n 2.

The significant advantages of the multistate systems over the binary (high
noise immunity, high efficiency) make it possible to consider that in the future
the orthogonal multistate systems will find broad acceptance in space radio
communication systems. At the present time the technical implementation of
these systems is retarded, primarily, by the complexity of the equipment reali-
zations and the difficulties in the selection of the family of orthogonal sig-
nals. As the result, we shall consider hereafter only the PT, FT and PTT Z&Z
systems.

Phase telegraphy is the optimal coherent system for the transmission of
binary signals. A receiver consisting of a coherent detector and an integrat-
ing device connected shead of and behind the detector realizes the potential
noise immunity. The practical implementation of such a receiver encounters
difficulties, in particular, in obtaining the coherent voltage. Many circuits
have been proposed in which the coherent voltage is obtained by suitable proc-
essing of the recelved signal.
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Figure I-15. TN-effectiveness of binary system.
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The theoretical and experimental investigations of these circuits have
disclosed two essential difficulties: the tendency to reverse operation and the
necessity for regulation of the circuit prior to operation and after interrup-
tions of communication. A new method of phase telegraphy is the method of
relative phase telegraphy (RPT) proposed by N. T. Petrovich (refs. 30 and 126).
This method makes it possible to design a receiver which realizes the potential
capabilities of phase keying, and in principle does not have the tendency to
reverse operation. In the RPT system the information is transmitted by the
relative value of the signal phase rather than by the absolute value: the
phase of the nth signal is measured relative to the phase of the (n-1)th signal.

The noise rejection of the RPT system depends on the method of reception
of the signals. Most promising are the methods of phase comparison and polarity

comparison (ref 31).

The block diagram of the RPT receiver using the phase comparison method
contains a signal delay circuit with a delay equal to the elementary train and
a phase detector. In this case detection consists in the comparison of the
phases of two neighboring signals. The ambiguity of the initial phases of the
signals is identical and is eliminated during the comparison of the phases in
the detector. With this method of reception the expression for the error
probability takes the form

—h

1
DA (1-43)

P'errRPT

In the case of RPT reception using the polarity comparison method (coherent
method of reception of the RPT signals), the received signal is first detected
using the conventional ccherent detector, and is then applied to the com- [&g
parison circuit; here a comparison is made not of the phase, but of the polarity
of the signals obtained at the detector output. For the calculation of the
error probability we obtain expression (ref. 32)

P oprrpr = [l — O (V2H)] (I-44)

Curves plotted using equations (I-43) and (I-4k4) are shown in figure I-16.
Analysis of the curves of figure I-16 shows that the polarity comparison method
and the phase comparison method are approximately equivalent.

The computations of the noise factor of the RPT for both cases were made
on the assumption that the frequency shift due to the wvarious destabilizing
factors Afde is small in comparison with the signal spectrum width. For the

\
radio communication link with relay through the AES, whose operating fre- [&2
quencies according to preliminary estimates lie in the vicinity of 1,000-
2,000 Mcps with operating rates of the order of 2,000 baud, this assumption is
satisfied if the overall frequency instability does not exceed lO'6 (refs. 15,
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Figure I-16. Error probability in phase telegraphy
systems. 1, RPT with coherent reception; 2, RPT
with phase comparison reception.

121 and 124). This condition is quite severe in view of the fact that the fre-
quency shifts due to the Doppler effect are large (of the order of lO‘u to
10_5), and that it is difficult to maintain a high frequency stability (above
lO'u) on board the spacecraft over a long time period.

For this reason the given assumption Afdes << 2Fm for the case of the

transmission of relatively narrow-band width information is usually not satis-
fied. With fulfillment of the reverse condition Afdes >> 2Fm the receiver pass-

band at the RF (ahead of the detector) must be considerably wider than is
required for the passage of the signal. ©Since the power of the fluctuating
nolse at the receiver input is proportional to its passband width, the signal/
noise ratio at the receiver input decreases with the increase of Afdes/sz and

the reception of the signals is degraded.

Thus, we can draw the conclusion that the use of phase keying for the
transmission of relatively narrow-band information over radio links with relay-
ing via AES is Jjustified only with a high degree of accuracy of the compensation
for the Doppler shift of the frequency (on the order of 10- ), and with the use
on board the spacecraft and on the ground of high-stability frequency references

(with stability of the order of 10'6)
L3



Let us turn to the consideration of frequency modulation. Two methods
of reception of frequency-modulated signals are used: wusing the instantaneous
values of the envelope and using instantaneous values of the frequency.

In the first method the received signals are separated by two narrow-band
filters and applied to amplitude detectors. The voltages from the detector
outputs are compared with one another. The recording of the signal is per-
formed depending on which of these voltages is the larger. The error prob-
ability in the FT system with identical a priori probabilities of the trans-

mitted signals is equal to
/50

1
)

(I-45)

P‘errFT ::Eie

For coherent detection with integration of the signal and the noise the error
probability in the FT system is equal to

P o = [1—0®)] (I-46)

Thus, envelope reception with integration and coherent detection realizes the
potential noise immunity of FT.

The circuit for the reception of the FT signals using the instantaneous
value of the frequency consists of a limiter and a discriminator. An analytic
expression for the error probability in this case has not yet been obtained.

Curve 2 in figure I-17 shows the variation of P”'errFM with h obtained by

numerical integration (ref. 33). Comparison of it with curve 1, plotted from
equation (I-L5), shows that reception using the instantaneous value of the /51
frequency is less noise-resistant than reception using the instantaneous value

of the envelope.

The presence of the frequency shifts due to the Doppler effect and due to
the various instabilities here again leads to a decrease of the noise rejection
(in comparison with the potential). It is shown in reference 34 that with
detection of the envelope in the case where the condition Nm<?Fm/F)> 1 is satis-
fied (where Nm is the signal/noise ratio at the output of the low frequency
filter with passband Fm; F is the passband at the RF ahead of the detector) it
makes no difference how the filtering is accomplished--at the low or high

frequency. In this case it is advisable to use a linear detector. With the
linear detector the signal/noise ratio at the output Nm is related as follows

to the signal/noise ratio at the input of the detector Nbl
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No =N 2—’;’1. (I-47)

With satisfaction of the reverse inequality, it is advisable to use a square-
law detector; in this case

No, ~ 1,27 [Nm 2y l/ (N )t (Mo 7)) (1-18)

where the factor 1.27 characterizes the suppression of the signal in the
limiter.

In the case of a weak signal and the use of the square-law detector, the
actual FT receiver has a loss in comparison with the potential of g factor of
Noz/N'Ol, where N'Ol is the required signal/noise ratio at the receiver input
with linear filtering (for example, with a coherent detector). If the fre-
quency shifts due to the various instabilities and the Doppler effect are large
(Afdes >> 2Fm), then the square-law detector will give a very significant loss
in comparison with the coherent detector. With 2Fm = 2 keps, F = 200 keps

(which corresponds to an overall instability of #* lO'lL with operation at the
frequency £ = 1,000 Mcps), and with Nﬁl =1, Nm2 = 10, the losses will be /52

n, = 11.8 and n, = 4.75, respectively. If we consider that in the reception
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of FT signals the IF passband is selected equal to triple the channel filter
passband, which is chosen as Afdes + 2F , then the actual FM receiver gives

losses of n'l = 19.2 and n'2 = 7.1, respectively, in comparison with the poten-

tial receiver for the given value of instability * lO'h.

Thus, effective application of FT for the retransmission of relatively
narrow-band information (thousands of baud) over the space communication links,
Jjust as PT, requires compensation for the Doppler frequency shift and the use
of highly stable frequency references.

Let us consider operation using pulse-time telegraphy (PTT). It was shown
that the potential noise stability of PTT for the transmission of binary signals
coincides with the noise stability potential of frequency keying (FT). Con-
sequently, we can set NmPTT = NﬁFT' Tet us assume that synchronous PTT is
accomplished--the receiver is gated only at the time of possible arrival of
the pulses. In the pulse method of operation the passband width at the low
frequency Fm = MF'm, where M is the duty cycle, F'm is the operating speed,

and for sufficiently large M (on the order of 1,000) the following condition
is satisfied

2F M
an 2F'mM+AfdeS >1

even with large frequency shifts due to the Doppler effect and with various
instabilities Afdes' In this case it is advantageous to use a linear detector.

The quantities NmPTT and NOPTT with the use of the linear detector and with

a strong signal are connected by the following relation

_ 2F M
Noprr = Nmamrat afgo, (1-19)

Consequently, this method of reception realizes a potential noise immunity /53
of PTT which coincides with the potentisal noise immunity of FT.

This discussion leads to the following conclusions

(1) With relaying of radiotelegraph signals via AES (active and passive
relaying), from the point of view of reduction of the power consumption in the
radio link, it is advisable to make use of relative phase telegraphy (RPT) for

the transmission, if the frequency shifts due to the Doppler effect and the
various instabilities are compensated with a high degree of accuracy and the

residual frequency instability does not exceed 10'6-10‘5.
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(2) Witb relaying of radiotelegraph signals via AES at relatively low
speeds (tens of baud), when the signal spectrum width is much less than the
residual frequency shifts due to the various instabilities and the Doppler effect,
and also in the absence of compensation of such frequency shifts (even at high
operating speeds--on the order of thousands of baud), it is advantageous to use
the wide-band pulse methods of modulation, particularly PTT.

The further discussion will be made on the assumption that there is no
compensation for the frequency shifts resulting from the Doppler effect and
the various instabilities, and therefore we shall consider only the case of
relaying signals with PTT. For definiteness, we assume Nﬁ = 22.5. In this
case the error probability will not exceed 10‘5, i.e., we consider the case
of transmission of telegraph signals with high religbility. With account for
post-detector filtering, the coefficient NOF in the communication equation is
written as NbF = h5-F'm-M, where F'm is the receiver passband after the detec-
tor; M is the duty cycle. For the case F' ) = 1,000 cps and M = 1,000, in the
determination of the transmitter peak power NOF = l+.5-107 cps.

For the transmission of continuous information the widest usage has been
made of amplitude modulation (AM), amplitude modulation with single or double
sideband and suppressed carrier (SSB and DSB), frequency modulation (FM), and
pulse-code modulation (PCM).

With AM the signal is written in the form /5k
A(t)= A, [1 - dF ()] cos (ot + o),
where F(t) is the modulating function.
The gains B and B' are found from eguations (21)

d2.v , d

B=_2"_ =

KR +d K tar (1-50)

vhere v is egual to the ratio F/F;
d 1is the modulation factor;
kP is the information peak factor.

With 4 = 1 the gain is maximal

K7
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If X = /2 (sinusoidal-modulation), then B' = 1/3; if kp = 3 (telephone modula-
p
tion), then B' = 1/10.

For the DSB system

A () =dAF (t) cos (o -+ o)

and B=v, B'" = 1. Consequently, the DSB system gain does not depend on the
modulation factor or the information peak factor. With sinusoidal modulation
and d = 1 the DSB system gain is twice that of the AM system.

For the SSB system with transmission of information using the upper fre-
quency band, the signal will be equal to

A(f) :Aoi [’?‘21'—1 1/§Sin (“Q%E_f“‘”o)t"f‘
= . (1-51)
+2,: V2 cos (2—’7‘,‘- —[—wo)f ]

where xi is a parameter defining the signal being transmitted.

Then B=v and B' = 1, i.e., the SSB and DSB systems are the same with
respect to noise immunity. /55

According to reference 27, the potential noise stability is realized with
any noise level in the linear modulation systems (AM and DSB) and also in the
SSB systems in the real receiver with coherent reception. With nonccoherent
reception this is valid only for a low noise level.

Frequency modulation (FM) is an example of the integral systems. In the
case of FM the signal is written in the form

A (f)= A, cos [o,f 4- Aw,, 7], (1-52)

where Aw 1is the frequency deviation and
m -

i3
I TAz{_l ey 275:‘
T:SF(t)dt_E(—— St cos o 1

i=i;

T}\z{ = . 2ni
-+ o -V2s1n_-7.—t).
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For the gain B and the generalized gain B' we have

]
i
f (1-53)
J

where m is the modulation index, equal to Awm/EWFm.
For the transmission of the same information in the case of FM operation,
less power is required than in operation using AM by a factor of n, where
n = 3m° (1 + k2) /K.
b b

The advantage obtained in the use of FM in comparison with AM is obtained
primarily as the result of the expansion of the receiver passband. The fre-
quency band occupied by the FM signal, with an accuracy sufficient for prac-
tical purposes, can be expressed by the simple equation (ref. 35)

F=2F, (1} m). (I-54)

If the power radiated by the transmitter 1s constant, then the higher noise
stability of FM can be obtained only by means of increasing the modulation Zzé
index m. With increase of m there is an expansion of the frequency band occupied
by the FM signal and an increase of the intensity of the fluctuating noise at
the receiver input. Relation (I-53) is valid only with a high signal/noise
ratio at the input of the FM receiver.

An approximate analysis of the case of high noise carried out by Kotel 'nikov
(ref. 27) has shown that with high noise the gain obtained with FM in compari-
son with AM is reduced, and this reduction is greater the larger m. Thus, FM
is a threshold system. According to reference 21 the threshold value of the
signal/noise ratio at the input of the FM receiver Nothr varies approximately

in the range from 1 to 2 with variation of the modulation index.

It is evident that with a constant signal power there is no sense in in-
creasing the modulation index above some value mp., determined from the condi-

tion N, = N
0 Othr

obtain equation

. For the determination of m___, from (I-53) and (I-54) we

2 __le(P
mmt) =g (1-55)
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Thus, the optimal modulation index is higher, the higher the demands on
the quality of the information (the quantity Nﬁ) at the receiver output. With

a modulation index determined by expression (I-55), the given value of Nﬁ is
achieved with minimal consumption of signal power.

The resulting threshold value thhr = 1-2 is a limiting value and cannot
be realized in real receivers. In real FM receivers the values of Ng,, . ob-

tained are considerably higher than those predicted by the theory for the
potential receiver. From the experimental data (ref. 36) the threshold in the
FM receiver with conventional reception occurs approximately with equality

of the peak values of the signal and noise, which corresponds to Nothr =~ 10.

According to other sources (ref. 37) Nothr ~ 16. By improving the reception

methods we can improve the noise factor of the real FM recelver. With a Zéz
constant transmitter power the threshold is reached more quickly the higher the
received modulation index m (as a result of broadening the receiver passband).
In order to eliminate this effect we should reduce the receiver passband at the
RF, which cannot be done with the conventional method of FM signal reception
without the appearance of large nonlinear distortions. However, this reduction
of the passband can be accomplished without increase of the nonlinear distor-
tions of the signal, if we use the method of FM reception with frequency feed-
back, i.e., the method in which the resonant frequency of a tank circuit
located ahead of the receiver frequency detector is automatically controlled
by the voltage applied from the output of the frequency detector (ref. 38).
Experiments show that with this method of reception we can reduce the threshold
several times and can make it approach the limiting value (ref. 125).

In those cases when high fidelity of the reproduction of the transmitted
information is required, operation using the FM method gives considerable advan-
tage in comparison with the use of AM even with conventional reception methods.
This can be illustrated by the following numerical example.

Let us consider the transmission of a television signal with low frequency
spectrum width ¥, = 5 Meps. According to the IRCC (International Radio Con-
sultative Committee) standards, for high-fidelity reproduction of a television
signal a low-freqguency signal/noise ratio N = 107, i.e., 40 db, is required.
Let us take k2 = 2. Taking N, = 16, we solve equation (I-55) relative to m

P Othr
and findm = 5.6. The FM signal spectrum width is equal to F = 66 Meps.

The required signal power at the input of the real FM receiver is equal to

= .109
PCFM 1.06-10 kT op (w),

where k is the Boltzmann constant, equal to l.LL-J_O-27 w-sec/deg;
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T is the effective noise temperature at the receiver input, %K.

eff

With operation using amplitude modulation with a wvalue of the pesak 158
factor kg = 2, in order to provide Nﬁ = 10% the required signal/noise ratio at

the receiver input is equal to NO = l.5-lOu and the signal power is
PcAM= 1,5 IO”IJI'eff

The gain in power with the use of FM in comparison with AM is n = 140.

Let us make an estimate of what the potential FM signal receiver can do.
In this case NOthr = 2. Solving (I-55) relative to m, we find oy = 11.4.

The FM signal spectrum width is P = 124 Meps. The required signal power at the
receiver input PCFM = O.2h8-109kTeff. The power gain in comparison with AM is
n' = 600-fold, and in comparison with the FM case with Moox = 5.6, n' = 4.2,
Thus the use of the real FM receiver gives a power loss of 4.2.

Let us turn to the consideration of the pulse-code modulation (PCM). Ac-
cording to the theorem of Kotel 'nikov, the continuous signal F(t) can be trans-

mitted over a communication line with the required accuracy by means of the
transmission of the individual instantaneous values of this signal

F(—2T;), F(—Ty), F(0), F(T:), F@2Ty). (1-56)
taken for the instants of time separated from one another by the amount
Ti < 1/2Fm, where Fm is the highest frequency contained in the signal F(t).
In the PCM system the signal is a sequence of code combinations which reflect
the level-quantized values (I-56) of the transmitted information. The repeti-
tion period of the combinations is chosen equal to the period Ti of sampling
of the instantaneous values of the signal F(t). Each code combination contains
N elementary trains of identical duration. Considering that in the general

case these trains can taske k values, we see that by this method we can transmit

L= kN levels of the signal F(t). Under the condition that these levels are
equally probable, the transmission rate will be /59

V=plogL=Nplogk, (1-57)

wvhere p is the sampling frequency.
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With p = 2Fm for the case of binary coding, which will be considered
hereafter,

Vo=2NF,.. (I-57")

For the transmission of the trains of code combinations, we can make use
of any of the methods of transmitting discrete information signals--AT, FT, PT
(amplitude, frequency and phase keying). Thus, again here we see the advan-
tage of PCM, just as in all systems based on discrete information, over the
continuous transmission systems, since the systems with discrete information
make it possible to use the more advanced modulation methods (relative phase
keying with 180° phase shift, for example) and to use the more efficient methods
of reception of weak signals (storage methods, correlation methods, etc.). The
possibility of pulse regeneration with discrete transmission makes 1t possible
to practically eliminate the accumulation of noise during multiple relays.

A characteristic of PCM, just as the other systems with quantizing of
information, is that even with complete absence of noise in the channel the
received information F(t) differs from the actual information Fo(t) by the

t

magnitude e(t) = F(t)-Fo(t), where €(t) is the "quantizing noise." Conse-

quently, in the design of noise-resistant PCM systems it is necessary to take
account of both the fluctuating noise and the quantizing noise.

The ratio of the signal power to the quantizing noise power at the outlet
of the PCM system according to reference 21 is equal to

312 3.9
Nmk:'k_g———: 2 . (1-58)
b P

From this we see that by selecting a sufficiently large number of quantizing
levels L (or a large number of pulses in the combination N) we can obtain any
desired ratio of the signal power to the quantizing noise power. However, we
cannot increase the noise stability of the PCM without limit in this way. Zég
It can be shown that in this case the fluctuation noise increases; its presence
leads to the creation of false pulses in the channel or to suppression of the
signal pulses. Actually, increase of the number of pulses N leads to an expan-
sion of the signal spectrum and to a broadening of the regquired receiver pass-
band. The repetition frequency of the code combinations must be no less than
2F for one channel and 2F n for an n-channel system. Consequently, the
maximal pulse repetition frequency cannot be less than 2NnF or the duration

of the pulse To cannot be greater than l/2N-n-F . As is known, for the trans-

mission of a radio pulse of duration T, we need a frequency band
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F=2u

T’

where a, is a coefficient which depends on the permissible distortion of the

pulse shape.

Evidently, since 2o = 1,

F=A4NnF,,. (1-59)

We see that F is directly proportional to N. The broadening of the receiver

passband leads to an increase of the fluctuating noise power at the input and
output of the receiver. The ratio of the signal to the fluctuating noise at

the output with PCM is determined from the equation

3, L—1-p
N =1 K (L2 — 1) Fue [l —@ @) (1-60)

This equation is valid for any form of modulation of the carrier frequency.
Only the value of o depends on the form of modulation in this equation.

In the case of amplitude modulation (PCM-AM)

1 ,2
b J—
a __§—h0

and the signal/noise ratio at the receiver input is

P 2a2Nn P
No=mp="F
and the system gains B, B' for ki = 2 are found from equations (ref. 21) /61
g =3 &= v ] .
AMT (A=) Nnh?[l-—¢>(’£°:)]’ (1-61)
0 V2 {
Bam
Ban="—3"" }

For the PCM-FM system (frequency modulation of the carrier) a2 = h~ and
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B —3U=W__wn

M- 8 (L= Ri—o@m) i (1-62)
B

1;M__;,:E\‘M. J

For the PCM-PM system (phase modulation of the carrier) o2 = ehg and

B _3 (L—1y V% \

M7 8 (P — D) pli—@(Y2ha)] | (1-63)
/ Bpm |
Bpy=—""

For the case a2 >> 1 the equations for the PCM gain take the form

N,
2 7
~—— , I- !
By kE,VNo (1-61')
_ 2V2 N
BFMM—II%—V_N: e, (1'_621)
4 INo
o~
Beu KBV N (1-63")

PCM is a threshold system. In the systems which are close to optimal the

threshold occurs when with a decrease of NO the fluctuation noise begins to

exceed the quantization noise.

Let us determine the threshold value of the signal/noise ratio at the /62
input of the potential PCM receiver for the case of speech transmission

2
kp =10, N= 10, n= 1, Fm = 3 keps,
Np, = 10“(1;0 db), Ny, = 106(60 db),
_ 108
Nm3 = 10°(80 db).
From (I-58) we find the number N of pulses in the code combination
Nl = 8, N2 =11, N3 = 15.
Equating Nmk = 2-10h; 2-106; 2~lO8 and considering that Nm = BNO, we find
Nothr for the different forms of modulation of the carrier with operation using

PCM
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N ~ 20.5; .5; 38 (PCM-AM);
Oppp ~ 20-55 29.55 38 (PCM-AM)

N
Othr
N, ~ 5; 7; 9.5 (PCM-PM).
thr

We see that the lowest threshold value (highest noise immunity) is that of
the PCM-PM system. It is of interest to make a comparison of the potential
noise stability of PCM and FM for the case of transmission of the same informa-
tion--speech--with F, = 3 kcps, kg = 10 and N = 10%; 106; 108.

~ 10; 14.5; 19 (PCM-FM);

Let us consider the case of PCM-PM when the code combination consists of
pulses modulated by means of 180° phase shift. In this case F = LN.F = 96,

132, 180 kecps, respectively, for Nm = lOu; 106; 108. The power required at the
input of the PCM-PM receiver 1is

17.1-1o5kTe

Il

100 . 102 .
PCPCM 4.8:10 KT o5 9425 10 kTeff, e

For the case k2 = 10 and NO = 2 (we consider the potential FM receiver)
thr

we obtain the following values of the modulation index: m .. = 20.2, 9k, L436.

The RF spectrum width of the FM signal will be F = 127, 570, 2,620 kcps. The
power required at the TM receiver input is

P, = 2.5-1O5kTe

. 107 . 107
cru 11.4-107kT 52.4-107kT ...

£’ eff’
Thus, with large Nm, as we increase the requirements on the accuracy {63

of the reproduction of the information, there is an increase in the advantage
of PCM in comparison with FM in respect to the required signal power. Here we
must also take account of the fact that in the real PCM receiver it 1s easier
to realize a noise stability close to the potential value than it is in the real
FM receiver. We remarked above that with the conventional method of FM signal
reception Noth ~ 16. TIn this case we obtain the following values of the

r

modulation index, Moax = 10.1, L7, 218. The RF spectrum width of the FM signal

will be F = 66.5 keps, 288 keps, 1,310 keps and the power required at the input
of the real FM receiver is

P' = 10.6-107kT; 46-10°%T; 210-10°kT [W].
In the case of PCM-RPT with reception using the polarity comparison method
and with reception using the phase comparison method, the potential noise ilmmu-

nity of PCM-FM is practically fully realized, since the threshold signal/noise
ratio at the input of the PCM receiver is quite high. As a result of the fact
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that the spectrum width of the PCM signal is quite broad and increases with
increase of the demands on the fidelity of reproduction, the reduction of the
real noise stability of the PCM relative to the potential value as the result
of the frequency shifts because of the various instabilities and the Doppler
shift will be small even with the transmission of relatively narrow-band infor-
tion (for example, telephony with Fp = 3 keps. This implies that at the input

to the real PCM receiver there is required practically the same power as at the
input of the potential receiver. Conseguently, the PCM-RPT receiver for speech
communications gives a gain in power, in comparison with the FM receiver, for

the real receivers of n = 2.2, 5, 12.3, respectively, for N, = 10 (Lo db), 106

(60 av), 108 (80 ab).

The value of the required signal power at the receiver input for the trans-
mission of the same information characterizes the B-efficiency of the differ-
ent forms of modulation--the most important communication system criterion with
the existence of limitations on transmitter power. Thus, on the basis of these
numerical calculations, we can conclude that the PCM-RPT system is, from Zé&
the point of view of providing the highest p-efficiency, the most advanced of
all the presently existing systems for the transmission of information with high
fidelity of reproduction of the message.

With a relaxing of the requirements of the gquality of the reproduction of
the information (reduction of Nm), the power gain of the PCM system in compari-

son with FM diminishes somewhat if we consider that the threshold signal/noise
ratio for FM decreases with a reduction of the modulation index m. With

N, = lO3 the power capabilities of PCM and FM are about equal. 1In the region
10° < N < 103 the advantage of FM (or PCM) over AM is retained. For trans-
mission of telephony signals with k; = 10 and Nm =103 (high fidelity repro-
duction) the gain of FM in comparison with AM is 100; with Nm = lO2 (medium
fidelity reproduction) the gain of FM compared with AM is 20. With medium and
low fidelity of reproduction (Nm =< 102) of the information with a high value
of kﬁ (telephony, some forms of television images), such forms of modulation
as SSB and DSB become competitive with ¥M also. For the transmission of tele-
phone signals with ki = 10 and N_ = 100, SSB (DSB) the advantage of FM over
SSB (DSB) with respect to power is only a factor of 2; with N, = 20 the use of

SSB now has a 2-fold advantage over FM.
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In the space radio communication links, as a result of the rapid variation
of the location of the corresponding stations and the associated large frequency
shift (Doppler effect), and also the problem of maintalning a high frequency
stability over a long period of time (on the order of 10-T to 10-8), there
arise difficulties in obtaining a reference voltage for the coherent detector
when using SSB and DSB reception. For this reason the effective utilization of
those advantages of these forms of modulation such as the absence of the thresh-
old for any noise level with coherent reception, the good utilization of the
transmitter power and the energy advantage over FM with small N, form at the

present time a quite complex problem.

Thus, of all methods considered for the transmission of continuous infor-
metion the most promising from the point of view of application for space radio
communication are FM and PCM-RPT. With requirement for high fidelity of repro-
duction of information (Nm > 103) the use of PCM-FM gives a power advantage iz——

65

comparison with FM which increases with increase of Nm. In the case of PCM,
with increase of NIn the y-efficiency (frequency band use factor, equal to the

ratio of the rate of information transmission V to the receiver band-pass width
at the radio frequency F) decreases slower than the vy-efficiency of FM, which
is still another advantage of PCM over FM. With very high requirements of the
quality of the information transmission, the advantages of PCM are unquestion-
able: the B-efficiency, y-efficiency and TN-efficiency of PCM are higher than
for any continuous information transmission system known at the present time,
and therefore pulse-code modulation should be used for the space radio commu-
nication links in cases with Nm > 10°. With reduction of the demands on the

accuracy of the reproduction (Nm < lOu), PCM is comparable with FM with respect

to criteria such as noise rejection and efficiency. In these cases the use of
communication systems with FM is advisable in view of the greater simplicity
of implementation (ref. 125).

We shall perform the calculations of the power requirements of a radio
communication link with relaying through AES for the case of transmission of
telephony (Fm = 3 keps) and television (Fm = 5 Meps). According to the IRCC

standards for high quality reproduction of telephony and television, the signal/
noise ratio Nm at the output of the receiver must not be less than 40 db.

According to the discussion above, in this case it is advisable to use the
FM method. Therefore, we shall consider only the frequency modulation method.
We previously made a comparative evaluation of FM and AM in the case kg = 2

for the transmission of a television signal, i.e., the information transmitted

over the channel was a sinusoid. The peak factor of the real television signal
is somewhat greater than /2. Reference 39 presents data on the amplitude dis-

tribution of the television signal. The evaluations of the peak factor of
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television information made on the basis of these data show that the most
probable value is kp = 2.5.

With the use of the conventional FM receiver thh = 16 and, conse- /66
T

quently, my . = 8.4; if, however, we use a FM receiver with frequency feedback,

= 17. Calculations show that the

then in the best case thhr = 2, and then moex

FM receiver with frequency feedback (with a "tracking filter") gives a maximal
power gain of a factor of 4 in comparison with the conventional FM receiver.

For this reason we shall not carry out power calculations separately for each
of them, but shall compute only the case with reception using the conventional
FM receiver. The FM signal spectrum width with m = 8.4 and Fm = 5 Mcps at the

RF is equal approximately to F = 9L Meps. In this case we can neglect the
frequency shift due to the various instabilities and the Doppler effect, and the
coefficient NOF in the communication equation for all the radio links is con-

stant and equal to 16-94'106 cps = 1.5-109 cps. For the transmission of speech

2

with k= = 10 and use of the conventional FM receiver with Nothr = 16, the
D

value of the modulation index will be m . = 10.1, while with the use of a

receiver with NO = 2 the modulation index m, = 20.2. The utilization of
thr ax

a FM receiver with frequency feedback in place of the conventional FM receiver
can give in the best case a reduction of the power consumption in the commu-
nication link by a factor of L.5.

We shall also carry out the power consumption analysis for the radio link
with a single telephone channel only for the case of reception using the con-
ventional FM receiver, but now we cannot neglect the frequency shift resulting
from various instabilities and the Doppler effect, and the factor NO-F in the
commnication equation is written in this case as

- .10k
NoF = 16 [6.7-10" + Afg o + AfD] cps,
where Afdes is the frequency shift resulting from various instabilities;

Af is the frequency shift resulting from the Doppler effect.

D

We must keep in mind that in the case of active relaying it is not eco-
nomically sound to use the AES for the relaying of a single telephone or tele-
graph channel. The commercial communication must of necessity be multi- Zéz
channel. In this case multiple channel capability can be achieved in the follow-
ing different ways.

(1) Direct connection through the AES of the ith correspondent with the
kth, with gquite a large number of communicating correspondents operating on a
single frequency (common channel).
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Since the various pairs of correspondents can initiate communication at
any instant of time, even in the case of the pulse methods of operation, it is
impossible to use time separation of channels. Here use can be made of channel
separation (discrimination on Earth of the desired information from the mixture
of signals from the different correspondents) on the basis of signal shape.
Several systems of this sort have been described in the literature, for example
the RADA system (Random Access and Discrete Address, i.e., a system with random
selection of subscribers and discrete addresses) for the transmission of speech,
and the digital systems with noise-like signals (refs. 4O, 41 and 42).

In the RADA system delta modulation (DM) is used to convert the speech
signals from analog form into sequences of pulses. FEach of these pulses is trans-
mitted by combinations of three or four short radio pulses. The variation of
the time interval between pulses and the frequency selection of the trains give
several thousand time-frequency address combinations, which makes it possible
for several thousand correspondents to use a single common channel.

Schematically the broad-band communication systems with noise-like signals
can be represented in the following form. At the transmitting end the infor-
mation is first converted into a narrow-band signal by application of one of
the known methods of modulation or keying. Then this signal is multiplied
together with the 'moise," which is generated with the aid of a special genera-
tor delivering a sequence of pulses having prescribed statistical characteris-
ites. The signal thus obtained will be noise-like and with reception on a con-
ventional receiver is sensed as noise. At the receiving end there is a
noise-like-signal generator identical to that at the transmitting end. By
multiplying the reference signal and the mixture arriving at the receiver Z§§
input, consisting of the signal (or signals from several correspondents) and
ordinary fluctuating noise, we restore the narrow-band signal, which is then
detected by the usual method.

To be specific in our consideration of the noise-like systems, we shall
present one of the versions of the design of the block diagram of the Rake type
single-band system (ref. Ll, fig. I-18). The system block diagram consists of
the receiver, two correlators, two reference generators (for the two forms of
information--for the "mark" signal and for the "space' signal), a comparison
circuit and an indication circuit. Each correlator consists of an amplifier,
integrator and envelope detector. With arrival of the "mark" signal at the
input of correlator 1, the reference and received signals coincide and the
correlation function has a maximum. Consequently, at the output of this
correlator there will be a maximal voltage. Similarly, with the transmission
of the '"space' signal the maximal voltage will be on the output of correlator 2.
It is evident that if each pair of correspondents uses different pairs of [ég
forms of noise-like signals and if these pairs of forms are approximately
orthogonal, operation is possible without mutual interference by many pairs of
correspondents using a single common channel.

In view of the inadequate study which has been made of the noise-like

systems, we shall not make a power requirement analysis of the communication
channel using form selection.
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Figure I-18. Simplified version of block diagram of
Rake type system with single ray.

(2) Direct communication via AES of the ith correspondent with the kth by
reserving for each line i-k one channel on the repeater. Frequency separation

of the channels is used.

In view of the severe limitations on weight and size of the repeaters on
board the AES and the requirements for their high reliability, the number of
lines i-k (and corresponding number of channels on the AES) must not be large.
For this reason, this method of implementing multiple channelization in the
near future will apparently find application only in lines for intergovern-
mental communication, official communication lines, etc.

In this case we shall make the analysis of the power requirement of the
repeater transmitter on board the AES for a single channel. Having available
8 definite amount of dc power and knowing the radiation power of the onboard
transmitter per channel, we can determine the potential possible number of
channels (and correspondingly the number of pairs of correspondents i-k) of the
repeater on board the AES. We shall make the calculation for the case of
relaying of telegraph signals with pulse-time keying and telephone signsals with
M.

(3) Relaying via the AES of a complex signal formed from the signals of
many ground correspondents at some central transmitting point Ai (communication
of correspondents with the central station is accomplished by conventional radio
facilities or by cable), and reception of this complex signal either by the
individual correspondents who separate from the complex signal the information
addressed to them, or by a central receiving station A, where decoding of the

individual messages and distribution to the addressees is accomplished by.
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conventional »adio equipment (using radio relay lines, for example) or by
land ..

In this case, use is made of modulation systems with subcarrier fre- /70
quencies. Here the number of subcarriers is chosen equal to the number of
channels.

On the basis of the results of reference 21, we shall make a comparative
evaluation of the noise immunity and the efficiency of the systems with sub-
carriers which have received the widest application in practice: FM-SSB, SSB-

FM, FM-FM and SSB-SSB.T

The equations for finding the gain B will have the form

FM-SSB
2
3 m -y
Bk:%":—%“’ (I—6h)
SSB-FM
I vAffn 1
B‘R: i‘2—- -—~—2——~v . ****41——, (1_65)
> 5 P inFmt g P,
FM-FM
Af2 Af2
By =-3_." &2lm (I-66)
21(; K 1% £,
SSB-5SB
By= .
TR (1-67)

The first letters give the abbreviated name of the method of modulation used
on the subcarrier frequencies, and the second letters give the name of the
modulation method used on the carrier frequency. For example, FM-SSB denotes
that the subcarrier is frequency modulated, and that SSB modulation is used
on the carrier frequency. We note that SSB-SSB is equivalent to the usual
SSB.
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In these expressions

where n is the number of channels;
ka is the passband of the kth channel for low frequency;
F is the overall passband width of the multiple channel system at the
radio frequency;

f is the mid-frequency of the kth channel, equal to the subcarrier
frequency;

Af is the frequency deviation in the kth channel; /71
Afm is the overall frequency deviation;

o is the modulation index of the subcarrier frequency of the kth
channel ;

We shall make the comparison for the case of the transmission of multichannel
telephony with ki = 10, n = 100 and ka = 3 keps for the upper telephone chan-
nel (worst case). We assume that leoo
The equations for B are valid for NO > Nothr' The noise stability threshold

100 (20 db).

in the general case will hold for both modulation stages.

For the SSB-FM system the threshold is always determined by the carrier
modulation system, and for the conventional FM reception method is equal to

Noth = 16. For the FM-FM system with n = 100 and Afm/fn > 3 the threshold is
r

determined by the carrier modulation system and also is equal to Nothr = 16.

In the FM-SSB system the threshold is Noth = 16. There is no threshold for
the SSB-SSB system. r

Calculations show that to obtain Nm = 100 in the upper telephone channel

the minimal required power at the input of the multichannel receiver with the
use of the various methods of modulation with subcarrier frequencies must have
the following values.
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For operation using FM-FM

Pe, = 2-10%r__., F, = 12 Meps,

where Flis the receiver RF passband width; the carrier modulation index ml and
the subcarrier m, are equal to m; = my = 3.15.

For operation using SSB-FM

P, = l.h'lOBKT

¢o F2 = 9 Mcps.

eff’

The carrier frequency modulation index is 14.5.

For operation using FM-SSB

= . 8 =
Pc3 = 6.6-10 KT .05 F3 2.4 Mcps.

For operation using SSB-SSB /72
Pe) = 3-10%KTepe, F) = 0.3 Meps.

We see that the use of SSB-FM gives a power gain of 1.4 in comparison with
FM-FM, 4.7 in comparison with FM-SSB, and 22 in comparison with SSB-SSB.

Thus, in the case of relaying via AES of multichannel analog information,
in the selection of the modulation method preference must be given to the SSB-
FM system as having the highest p-efficiency. This fact is well known, and the
SSB-FM system has found wide application in radio relay communication links.

We remarked that the use of SSB on the space communication links encounters
several technical difficulties, resulting from the presence of large and time-
varying shifts of the frequency because of the Doppler effect. It is evident
that this remark does not apply to the SSB-FM system, since here single-band
modulation is used on the subcarrier frequencies. For example, with n = 100
and Fm = 3 kcps the highest subcarrier frequency does not exceed 600 kcps even

with a large margin r for the separation filtering of the channels (r = 2).
With the most pessimistic assumptions on the stability of the onboard refer-
ence frequency, the overall frequency instability coefficient, taking account
of the effect of the various instabilities and the Doppler effect, will ap-
parently not be more than 10-L4 and the shift of the frequency in each channel
will not exceed 60 cps.

Just as in the case of the single-channel systems, the use on the space
communication radio links of the multichannel systems with discretization of the
information looks promising--the systems with pulse-code modulation (PCM).

Here the introduction of additional subcarrier frequencies is not mandatory.
It was shown earlier that of all the PCM systems, PCM-RPT has the best per-
formance (noise rejection and efficiency). Calculations show that with use

of this method, for n = 100, Nm>= 100 the power required at the' receiver output
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is Pc5 = 1.5-107kTeff. The number of pulses in the code combination is N = 5,

the required PCM receiver passband width is F5 = 6 Mcps.

We can see that the use of PCM~-RPT gives a power gain of a factor of /T3
10 in comparison with SSB-FM. However, we should note that this comparison
was somewhat unjustified, since in the SSB-FM system Nm = 100 only in the upper

telephone channel, and with reduction of the channel number the quality of the
reproduction improves; in the PCM-RPT system Nm = 100 for all channels.

Computations show that in the center telephone channel (n' = 50) N'_ = 500.
In the case n = 100 and Nﬁ = 500 the power required at the inlet of the PCM-RPT
receiver is P'CS = 2,5.1o7kTeff, and it must have a passband of 7.2 Mcps (the

number of pulses in the code combination was taken as N = 6). Thus, even with
comparison at the center telephony channel (n' = 50) the PCM receiver gives a
gain of a factor of 5.5 relative to SSB-FM (using a conventional FM receiver).

This comparative analysis of the different multichannel communication sys-
tems makes it possible to draw the conclusion that the most promising from the
point of view of suitability for the space radio communication links, where
the primary index of the system is the p-efficiency, is the system of pulse-
code modulation with the use of relative phase telegraphy (PCM-RPT); it is
followed by the widely used SSB-FM system-in radio relay communication links.
A1l other multichannel systems are considerably inferior to these two in re-
gard to the required pover.

In view of the relatively complex technical implementation of the trans-
mitting (in comparison with SSB-FM), and particularly the receiving devices of
the PCM system with a large number of channels, it is apparent that the SSB-FM
system will find wider use in the immediate future. For this reason we shall
make the power requirement calculations for this system.

We showed previously that with the transmission of television signals with
N = 104, F_ =5 Mcps, Ny = 16 the receiver RF passbend must be 9k Meps. With

the transmission of telephony (n = 100) with N = 100 for the upper telephone

channel and Fj = 3 kcps, the minimal receiver passband is equal to about 9

Meps. Thus, the transmission of the television signal with these param- ZZ&
eters using the FM method is equivalent, from the power requirement point of
view, to the transmission using SSB-FM of the complex signal consisting of about
1,000 telephone signals (n = l,OOO), with Nﬁ = 100 for the upper telephone chan-

nel and F = 3 keps. Therefore, we shall make the power requirement calculations
only for the transmission of a television signal using FM, and note that one
television channel with FM is equivalent to a certain number of telephone chan-

nels using SSB-FM.
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Effective Noise Temperature at the Receiver Input. The effective noise
temperature at the receiver input is determined by the intrinsic noise of the
receiver (equivalent noise temperature TO) and by the external noise (equivalent

noise temperature Tex)' The noise temperature TO of the receiver corresponds

to that temperature of a real resistor which can be converted into the noise
power delivered to the active load of the real receiver. The cause of the
appearance of the internal noise of the receiver are the electrical fluctuations
in its various components and elements: resistors, condensers, coils and tubes.

All particles of matter, including the electrically charged particles, are
in a state of thermal motion. The velocities of the movement of the free elec-
trons vary randomly in magnitude and direction as the result of their collisions
with one another and with other particles. The random motion of the charged
particles in a conductor is equivalent to an electrical current which changes
its magnitude and direction in accordance with a very complex law. This fluc-
tuation current, passing through a conductor with resistance R, creates on its
terminals a fluctuation voltage whose effective value is determined by the
equation (ref. 43)

Ul?l —=4kTRAf, (1-68)

where k is the Boltzmann constant;
T is the ébsolute temperature;
Af is the frequency band.
One of the causes of the occurrence of noise in tubes is the shot effect.

The internal noise of the receiver is characterized by the noise co- ZZQ
efficient s, which is the quantity indicating how many times in comparison with
room temperature we must increase the absolute temperature of the conventional
wire resistor equal to the input resistance R;,, in order that the noise current
caused by this resistor will be equal to the input noise current. Usually the
receiver noise coefficient is measured with an equivalent antenna connected to
the receiver input. The equivalent self-noise temperature of the receiver is
related with the noise coefficient thus determined by the equation TO =

(s'-1)-300%K.
Tt is known that the input stages of the receiver are the "noisiest."
Thus, to reduce the power consumption on the radio link we make use of
low-noise input devices (amplifiers or mixers). Using triode amplifiers and
traveling wave tubes as the input devices, we cannot obtain a noise coefficient

lower than 6 db (Tol = 900°%K) at 1,000 Mcps, 8 db (T02 = 1,600%K) at 2,500

Mcps and 10 db (TO3 = 2,700°K) at 10,000 Mecps (ref. Lk).

65



oS

With the use of triode amplifiers at the high frequencies (above 100 ZZ§
Mcps) the receiver sensitivity was limited by the self-noise, and the external
noise was not usually taken into account. With the appearance of the low-noise
receiving devices the situation was altered. It was found that in certain cases
the receiver sensitivity was limited not by the receiver self-noise, but rather
by the external noise, Studies showed that there are various types of external |
noise--noise from the Galaxy, discrete radio sources, Sun, planets, Earth's ‘
atmosphere, terrestrial, etc.

Before starting the analysis of the noises of various origin, let us in-
troduce some characteristics of the radiation of cosmic objects.

According to reference L9, the radiation of any noise source is charac-
terized by the brightness I and the radio emission flux P. By the flux of radio
emission P, we mean the energy radiated by the source in a unit frequency in- .
terval, passing in unit time through a unit area in the direction normal to !
this area. The unit of measurement of P is W/m2 cps. Brightness I characterizes \
the distribution of the intensity of the radio emission over the source.

The radio emission flux P and brightness I are connected by the relation

p={ 1aq, (1-69)

QE
where Qe is the solid angle from which the radiation is received.

The brightness of the radio emission is expressed usually in terms of the
brightness temperature Te, which is defined as the temperature of a blackbody,

having at the given frequency in the given direction the same brightness as the
source in question. In the RF band the radiation of a blackbody 1s determined
by the Rayleigh-Jeans equation, according to which brightness I is associated
with the brightness temperature Te by the following relation

[ =2 (1-70)

o
where k is the Boltzmann constant; /79
A 1s the wavelength.

The radio emission flux is customarily expressed in terms of the effective
temperature Ti’ which is defined as the temperature of a blackbody having the

angular dimensions of the source and radiating at the given frequency the same
energy flux as the source in question.

According to this definition



2kT;Q,

P==5%"" (1T-71)

The following relation between the effective and the brightness temperatures is
obvious

Ti= o (T3, 0)d0,

4

(I-72)

where it is considered that the brightness temperature Te in the general case,
Just as brightness I, depends on the coordinates of the radiating region ¢, 6.
With reception of nonpolarized radio emission, the power received in the

frequency interval Af from the elementary body angle dQ) and delivered to a load
matched with the antenna is equal to

dpc:é-lAdfdQ:-_-?Te{gz_"lAdfdg, (1-73)

where A is the effective antenna area, associated with the directivity coeffi-
cient of the antenna G(w, 8) by the relation

A, 0)==4-G (9, 0). (T-7%)

The total power P. delivered by the antenna to the matched load in the frequency
band 4f is equal to

_kaf G (g, 0) dQ.
Po=" §Te(<e, 0G () (1-75)
In our case, when we are comparing noises from various sorts of (80

sources, it is convenient to make use of the concept of the equivalent source
temperature Ta’ referenced to the antenna. The equivalent source temperature,

referenced to the antenna, is the temperature of a resistor equal to the input
resistance of the antenna which delivers to the receiver load the same noise
power as the source in question. The noise power delivered into a matched load
by a resistor at temperature Ta is equal, as is known, to P, = kTaAf. Equating

this value of the power and the value expressed by equation (I-75), we obtain

the following relation for the equivalent source temperature, referenced to
the antenna

9



S To(s, 0)G(g, 0)de
4

T,— (I-76)

43;6(7, 8)d2

We introduce the concept of the effective solid angle of the antenna radia-
tion pattern

0, =\F (9, 8)dQ,
4§x ()] (I-77)

where F (o9, ©) = G(o, 6)/Gmax is a function describing the antenna radiation
pattern.

The following two particular cases are most frequently encountered in
practice.

(1) The case of reception of radio emission from regions whose brightness
temperature varies little within the limits of the antenna radiation pattern.
In this case in expression (I-76) T, (9, 8) can be removed from under the

integral sign; then Ty = Te‘

Thus, the source equivalent temperature referenced to the antenna is equal
to the brightness temperature of the observed portion of the radio emitting
region. This is usually the case with reception of the radio emission of the
general background of the Galaxy, using highly-directive antennas.

(2) The case of the reception of radio emission of a source whose {81
angular dimensions are small in comparison with the width of the antenna radia-
tion pattern (Qe << Qa)' In this case we can consider that within the limits

of the body angle of the source G(w, 6) = Gpgx = const; expression (I-76) is
then reduced to the form

e,

To=Tig . (1-78)

The source equivalent temperature referenced to the antenna can be ex-
pressed in this case in terms of the radio emission flux

—PA
Te=2%¢ (1-79)

Expression (I-79) is more convenient for practical use, since for the determina-
tion of T, we are required to know only one parameter of the source--the radio
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emission flux. This expression can be used for the calculation of Ta when the
angular dimensions of the source are not known.

Let us turn to the consideration of the various forms of external noise,
The galactic noise is the primary form of external noise. The intensity of the
radio emission of the Galaxy depends on the coordinates and the wavelength.
The most intense radiation emerges from the center of the Galaxy (right ascen-

sion o = 17 hr 50 min, declination 6 = -280), which is in the direction of the
constellation Sagitta, and the least intense comes from the poles of the Galaxy.

Table I-12 presents the values of the intensity of the radio emission of
the center of the Galaxy for various wavelengths, expressed in units of bright-
ness temperature (ref. 49).

The distribution of radio brightness over the Galaxy also depends on the
frequency. The representation of the brightness distribution of the cosmic
radio emission over the sky for various frequencies is given by the isophotes--
curves Joining the different regions of the sky with equal brightness tem- 82
perature. Figure I-19 (a-i) presents the isophotes for the frequencies 64, 81,
%OO, 160,5 250, 480, 600 and 910 Mcps (ref. 50) and the freguency 1,210 Mcps

ref. 51).

We note, first, that at the wavelengths of the centimetric and decimetric
bands there is a pronounced concentration of radio emission toward the galactic
equator and in the direction toward the center of the Galaxy. For example, at
the 25 cm wavelength the extent of the region on the boundaries of which the
intensity of the radio emission falls to half that at the center of the Galaxy
amounts to about 10° in the direction of the plane of the Galaxy (along the
Milky Way) and about L° in the direction perpendicular to this plane. With
increase of the wavelength, the maximum of the radio emission of the Galaxy
broadens. At the A = 62 cm wavelength the dimensions of the indicated region
are already about 40° in the direction of the plane of the Galaxy and about 8°
in the direction perpendicular to the plane of the Galaxy. At the wavelengths
of the metric band the maximum of the radioc emission becomes still more diffuse.
For example, at the 3 m wavelength the longitudinal and lateral dimensions of
the effective radiation region amount to 80 and 200, respectively.

A second conclusion which can be made from an analysis of figure I-19 is
that the contrast between the '"dark" and "bright" portions of the sky diminishes
with increase of the wavelength. For example, at the 3 m wavelength the radio
brightness in the direction of the poles of the Galaxy is 10-12 times less than
in the direction towards its center. However, at the 16.L m wavelength the

TABLE I-12
f, Meps 18.3 | 100 ] 160 ’ 200 ’ 480 | 1,200 | 3,000
T, °K l 140,000 l3,86o | 1,370 l L7 l 107 17 2.6
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Figure I-19a. Isophotes of galactic radio emission at
64 Meps. Nugbers on isophotes indicate absolute tem-
perature in K. (u = hour).
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Figure I-19b. Isophotes of galactic radio emission at

81 Mcps. Numbers on isophotes indicate absolute tem-

perature in K.
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Figure I-19c. Isophotes of galactic radio emission at
100 Mcps. Numbers on isophotes indicate absolute tem-
perature in K.
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160 Mcps. Numbers on isophotes indicate absolute tem-
perature in K.
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Figure I-19e. Isophotes of galactic radio emission at
250 Mcps. Numbers on isophotes indicate absolute tem-
perature in %K.
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Figure I-19g. Isophotes of.galactic radio emission at
600 Mcps. Numbers on isophotes indicate absolute tem-
perature in °X.
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Figure I-19i. Effective antenna temperature in %k relative
to "cold" portions of sky at 1,210 Mcps.

radio brightness in the direction toward the poles of the Galaxy is less than in
the direction towards its center by a factor of L-5.

A third conclusion concerns the spectral composition of the galactic radio
emission. From figure I-19 we see a general reduction of +the brightness tem-
perature with increase of frequency. The spectral law for all regions of the
sky has the form

To~f%, (1-80)

where o is approximately equal to 2.k4 (definitely greater than 2).

In the calculations of the power requirements we shall assume that the
most unfavorable situation is realized: the ground receiver antenna is
directed toward the center of the Galaxy. If we use antennas with a nar- Zgg
row radiation pattern (Qa << Qe), then even at the high frequencies with

pointing toward the center of the Galaxy T, = Te’ The curve of the variation

of the brightness temperature of the center of the Galaxy as a function of wave-
length can be described with an adequate degree of accuracy by equation

T,=2"*.469°K, (1-81)

where A is measured in meters.
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Another form of cosmic noise is the noise of the discrete radio sources.
At the present time a large number (about 2,000) discrete sources of radio
emission are known (ref. 49). The flux of the radiation from these sources,
just as from the Galaxy, increases with an increase of the wavelength.

Table I-13 presents the coordinates and intensity of radio emission of
eight of the most powerful discrete sources observable from the territory of
the USSR.

The dimensions of the discrete sources are small, and they can be con-
sidered to be point sources, since only about LO of the discrete sources have
angular dimensions of more than 20'. In view of the small angular dimensions
of the most powerful discrete sources (of the order of a few angular minutes)
the probability of happening on them in the ground communication antenna pattern
is low, if this antenna is large (narrow radiation pattern). If the directivity
coefficient of the ground antenna is not large (broad radiation pattern), the
occurrence of one or even several discrete sources in the field of such an
antenna presents no danger, since their contribution to the equivalent noise
temperature at the receiver input is small. For example, with operation using
an antenna having an effective area A =1 m? at the wavelength A = 20 cm, the
equivalent noise temperature of the most powerful discrete source Cygnus A
does not exceed 0.9°K, which is considerably less than the temperature of the
center of the Galaxy (about 17°K). Therefore, in the determina$ion of the
equivalent noise temperature at the receiver input we shall not take account
of the noise of the discrete radio emission sources.

A powerful source of cosmic radio noise is the Sun. We differentiate the
radio emission of the quiet Sun, observed in the absence of spots on the Zg&
surface of the Sun, and the radio emission of the noisy Sun, observed with the
presence of such formations.

The intensity of the radio emission of the quiet Sun is quite constant
from day to day and in the racges of the metric and millimetric waves is the
same for years of maxima and minima of the solar activity. In the range of
the centimetric and particularly the decimetric waves the intensity of the radio
emission of the quiet Sun varies in accordance with the ll-year cycle of solar
activity. The average data on the intensity of the radio emission of the Sun
in the range from 8 mm-10 m are presented in table I-14k (ref. 49). The numbers
in the numerator correspond to the years of a maximum and those in the denomi-
nator to years of a minimum of the solar activity.

The radio emission of the noisy Sun is characterized by a general increase
of the intensity of the radiation and by strong variations of this radiation.
This increase depends on the wavelength, and on the average amounts to several
percent in the range of the millimeter waves (MMW); several tens of percent in
the range of the centimeter waves (CMW); factors of 1.5-3 in the range of the
decimeter waves (DMW); and factors of tens and hundreds of times in the range
of the meter waves (MW). The duration of the disturbances varies from several
minutes in the MMW range to several days in the MW band.
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TABLE I-13

Coordinates Radio emission flux, P-10"2%, W/m2 cps
Source Right ) )
ascension Declination =3.2|{A=10|A=20 =501 A=100]|A=300]|x= 1,000

o ! cm cm cm em cm cm cm
Cassiopeia ' 231h 21 min | + 58° 30 5.9 15 25 10 60 150 600
Cygnus A {19 h 57 min | + L40° 33" | - 8 12 20 E 35 ! 110 400
Taurus 05 h UL min | + 22° Oh' | 7.3 |8 | 10 E 13, 16 ; 18 18
Virgo 12 h 28 min | + 12° Lk! | - i 1.8 2.3 } 3 5 | 12 -
Centaur A 13 h 22 min | - 42° 46! ' - | 2.2 l 2.8 | 4.5 | T 18 -

| ,
Orion M42 5h 33min | - 5° 37 :\ 2.7 L.5 1 4.5 - \ - ‘[ - -
Nebula Omega ML7 |18 h 17 min | - 16° E 7.5 7 E 8 ! - 5 - ! - -
Nebula M20 17 h 59 min . 23° - 1 1 | I | S - -
4 ,




TABLE I-1h

Wavelength 8mm | 3cm | 10cm |25 cem |50 em [ L.5m | 3m| 10m

Radiation flux P-102L,

32 1 —L 2
W/m? cps 200 27 gf% 3.5 3.5 0.85 {0.23]0.035

In addition to this relatively slight increase of intensity, we infrequently
(several times a year) observe particularly strong bursts of radio emission,
during which the intensity increases by 20-30 percent in the MMW band, by tens
of times in the CMW band, by hundreds of times in the DMW range, and by 122
tens and hundreds of thousands of times in the MW band. The duration of these
bursts is from several minutes to an hour.

The relation between the periods during which the radio emission of the
Sun has a quiet or noisy nature depends on the phase of the ll-year cycle of the
solar activity. In the years of maximum solar activity the radio emission of
the Sun has a disturbed nature up to 30-50 percent of the time. In years of
minimum solar activity the number of days in which the radio emission of the
Sun has a disturbed nature amounts to less than 10 percent. The last maximum
of the solar activity occurred in 1958; 196L is a year of minimal solar activ-
ity.

Let us compare the intensity of the solar noise with the galactic noise.
In a year of minimal solar activity the radio emission flux of the Sun at the
25 cm wavelength is 3.5-10'21 W/Mcps. With reception on an antenna with an

effective area Al = 1 m2, the antenna temperature resulting from the solar

emission is Tal = 1259%; if the area A, = 10 m?, then Ta2 = 1,250°%K; if the

area A3 = 100 m?, then Ta = 12,5OOOK. These values considerably exceed the
3

antenna temperature resulting from the galactic noise, even with the antenna
directed at the center of the Galaxy (Ta gal = 17°K). Still higher values are

obtained for years of maximal solar activity and the disturbed periods.

With the use of large receiving antennas, the appearance of the Sun in the
field of the antenna leads to complete '"blinding"” of the receiving station.
If g molecular amplifier is installed at the ground receiver input, it may be
damaged. Therefore this possibility must be taken into account, and in the
compiling of the program for the antenna travel (if satellite tracking by the
antenna is programmed) consideration must be given to the position of the Sunm,
although because of the relatively small anguler dimension of the Sun (0.5°)
the probability of it falling in the antenna pattern of a large ground antenna
(with narrow beam width) is small (ref. 125). In certain cases, for example

9



with a maser at the receiver input, it may be advisable to switch the receiver
off during the time of passage of the Sun through the field. 196

Farth and the planets are also sources of radio noise. The surface of
Earth radiates radio noise with an equivalent temperature of about 300°K. This
must be taken into account in the design of the Earth-satellite radio link.

For the downlink the receiver is located on Earth and reception of Earth's
radiation can occur only by the side lobes of the field pattern, and only if
the main lobe is quite narrow and the antennsa elevation angle is other than 0°.
Usually the level of the side lobes does not exceed 1 percent (in power) of the
level of the main lobe (ref. 52). Consequently, the antenna noise temperature
due to the thermal radio emission of Earth will not exceed 30°K.

The surface temperature of the planets is comparable with the temperature
of Barth. However, due to the small angular dimensions, their contribution
to the equivalent noise temperature at the receiver input is negligibly small
and can be ignored in the design of the radio 1link. In addition, the prob-
ability of the appearance of the planets in the ground receiving antenna field
is also small. The nonthermal emission of the planets has a sporadic nature.
The fluxes of nonthermal radio emission of the planets are small and can be
ignored in the power requirement computations of the radio links being analyzed.
In addition to the thermal radio emission of Earth, we must also take account
of the noise of Barth's atmosphere. The atmospheric noise at the high fre-
quencies is due to absorption of the Sun's radiant energy (and its reradiation)
by the oxygen and water vapor. The intensity of this form of noise depends to
a considerable degree on the elevation angle 6 of the receiving antenna above
the horizon and is maximal with 8 = 0°, since in this case the radiating volume
includes a greater mass of the atmospheric components mentioned above. An
idea of the frequency and angular distribution of this form of noise is given
by the curves of figure I-20 (6 = 0, 5, 10, 30, 90°), where the effective
radiation temperature of the troposphere is shown as a function of the eleva-
tion angle and the frequency, as computed by Hogg and Mumford (ref. 17). Here
we show, for comparison, the curves of the variation of the effective tempera-
ture of the center and the poles of the Galaxy (max and min) as a function of
frequency. We can see that the atmospheric noise shows up at frequencies 121
of 1,000-2,000 Mcps and higher. In this range it predominates over the
galactic noise and is practically the only form of external noise which must
be accounted for in the selection of the operating frequency and in the power
requirement calculations.

We see the strong variation of the intensity of the atmospheric noise
with elevation angle in the region of small values of this angle. For ex-
ample, with increase of 8§ from 0-5° the equivalent noise temperature diminishes
by about a factor of 2-3 in the frequency range of 500-10,000 Mecps. With fur-
ther increase of 8 the reduction of the intensity of the atmospheric noise
proceeds more gradually.

It was shown previously that the time of simultaneous visibility of a
satellite from two or more points of Earth's surface is one of the most im-
portant parameters of the communication system using the AES, and depends to
a considerable degree on the minimal elevation angle of the ground antenna 8;,.
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From the point of view of improving the efficiency of the communication system,
it is desirable to reduce 8y i,. The selection of the optimal value of amin

depends on a large number of parameters. The strong variation of the intensity

of the atmospheric noise with 8 for & < 50 and its more gradual decrease with
6 > 5° is one of the arguments in favor of the selection of the minimal Z98
" angle elevation of the ground antenna in the vicinity of smin‘a 59.

We mentioned above that with operation of an antenna with low elevation
angles it is possible to encounter noise at the receiver input caused by the
radiation of Earth as a blackbody with a temperature of about 300°K.

However, the operation of the antenna with small elevation angles is
dangerous from points of view other than that of the appearance of this noise.
There is a more serious danger--the possibility of the occurrence of strong
fading of the signal as a result of the arrival of one or several beams re-
flected from the surface of Earth, in addition to the primary beam. As the
result of the motion of the satellite there is a change of the phase differ-
ence of the direct and reflected rays; because of the unevenness of the surface
of Farth there is a change of the amplitude of the reflected ray since there
is a change of the angle of incidence of the reflected ray, and as a result of
the finite width of the field pattern there will be sharp variations of the
intensity of the received and reflected signal.

Thus, the amplitude of the total signal will fluctuate. The intensity of
the fluctuations is determined by the width of the receiving antenna pattern
(intensity increases with greater pattern width) and by the magnitude of the
reflection coefficient of the radioc wave from Earth's surface. The magnitude
of the reflection coefficient of the UHF band wavelength from Earth's surface

s
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o
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Figure I-20. Atmospheric noise in °K with various
elevation angles as function of frequency.
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depends on the type of reflecting surface and the form of polarization of the
radio wave.

In the case considered of grazing propagation, there are particularly
favorable conditions for the reflection of the wave, since the reflecting region
(first Fresnel zone) in practice is quite smooth and uniform because of its
smallness. In this case larger values of the reflection coefficient are ob-
tained for the horizontally polarized waves. Reference 53 presents experimental
data on the variation of the effective reflection coefficient Perr 88 & function

of the angle ¥ with the reflecting surface for vertically and horizontally
polarized waves at the A = 9 cm and 26.5 cm wavelengths for reflection from land
(fig. I-21, curves a and b). With small angles ¥ we have Pers ~ 0.9 for both

polarizations. If the width of the antenna pattern is sufficiently large, then
in the worst case the amplitude of the overall wave (with phase-opposition /99
addition of the beams) is equal approximately to 0.1 AO’ where AO is the ampli-

tude of the direct wave, i.e., there is a power attenuation of the signal by a
factor of 100.

Let us estimate the greatest possible width of the main lobe of the re-
ceiving antenna pattern, assuming the height of the phase center above the sur-
face of Earth to be Ah. Figure I-22 shows that the most favorable conditions
for the reception of the reflected beam with a given width of the receiving
antenna pattern are obtained for the rays incident on the line of intersection
of the boundary AD of the zone of visibility from the phase center B (horizon
line) with the projection of the antenna pattern on Earth.

Note. This case is unrealizable with an ideally smooth surface of /100
Earth; however the actual surface of Earth, for the frequency range

of interest to us, is not an ideally smooth reflector--it has rough-
nesses and slopes. For this reason, on the surface of Earth ahead

of the antenna there is always an area the size of the first Fresnel

zone (of the order of 1 m), having an angle such that a radio beam
incident on it is reflected in the direction of the antenna.

It is evident that the maximal width of the pattern at the half-power
points O, ., is determined from the relation

8
mzx <o + 6. (1-82)

From the triangle AOB we find that
a==90°— 4 ABO,
/£ ABO=90°— / AOB; (1-83)
4 AOB==arcsin (R_,,TI—S*AT) s
where S is the length of the segment AB, equal to /Eﬁﬁo.
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Figure I-21. Variation of effective reflection coefficient
Parp 28 function of encounter angle § at various wavelengths.

a, vertical polarization (reflection from land); b, horizon-
tal polarization (reflection from land).

s |

c S

Figure I-22. Paths of direct and reflected (from
irregularities of Earth's surface) rays.

Even in the case Ah = 50 m the value of o does not exceed 11'. We have
limited ourselves to the value amin = 59, Therefore, the maximel value of the

width of the receiving antenna pattern at the half-power points is equal to
emax = 10°. With a given diameter D2 of the ground-based antenna, accounting

for the multipath effect leads to a limitation of the operating wavelength

A=A 6

op erit (DQ’ min)'
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Since the width of the pattern at the half-power points 6 is determined from
equation (ref. 54)
0° o 1O (I-84)

2
D,

the critical wavelength is determined from condition

Aerit = 0-143:D; (1-85)
If, however, the condition Xop < xcrit is satisfied, then condition /101
1/2 8 ;amin = 0 1s automatically satisfied, and Earth noise for practical pur-

>

poses does not affect the receiver input. Because of the indefinite nature of
the value of the fluctuating signal amplitude resulting from multipath trans-
mission, we shall not take it into account in the calculations of the power
required, but in the computations of the bandwidth of the quasioptimal wave-
lengths we shall note the boundary of the critical range where fading can occur.

The consideration of the various sources of external noise makes it pos-
sible to draw the following conclusions.

1. In the determination of the optimal operating wavelength and the power
requirements we need consider only the galactic and atmospheric noises.

2. In setting up the program for the movement of large ground-based
antennas (with high directivity coefficients) it is necessary to take account
of the position of the Sun, and in the case of the use of a maser at the input
of the ground receiver it will be necessary to disconnect the receiver from
the antenns during the time of passage of the Sun through the field (ref. 125).

Thus, the value of Teff in the communication equation is written in the
following way

where T is the equivalent internal noise temperature of the receiver (values
are assumed of 50, 100, 300, 600, 1,500%K);

Ta is the equivalent temperature of the galactic noise (taken for the
gal center of the Galaxy);
T is the equivalent temperature of the atmospheric noise (Ta taken
atm

a,
atm oo § = 50).

Frequency Shift Due to Doppler Effect and Various Instabilities. The RF
passband width, directly proportional to the required radiation power Pt’ is

equal to the active width of the spectrum of the signal FO plus the frequency
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shift due to the Doppler effect AfD and to the instability of the transmitter

frequency and the receiver heterodyne Afgy,;. Thus, the value of Afp + Afdes

is important for the calculations of the power reguirements. [lgg
The magnitude of the frequency shift resulting from the instability of the

transmitter and the receiver heterodyne is determined by the radio link fre-

quency instability Vdes

AT f (1-86)

des ~ Vdes 0’
where f, is the carrier frequency.

Let us find the expression for the Doppler shift of the frequency. As is
known, in the case of the motion of a source of vibrations toward the observer
with the velocity vi, the frequency of the vibrations received at the observer's

location will be

]____v_l’ (1'87)

where fo is the frequency of the vibrations emitted by the source;

¢ is the velocity of propagation of these oscillations in the medium
(in the present case the velocity of light).

For satellite velocities A < 10 km/sec, the condition v/c << 1 is satis-

fied. In this case

LR
01N1+T

and

Afa"'\\‘fo 22,—. (1'88)

The Doppler frequency shift is nonzero, if the projection of the satellite
velocity on the direction of the radius-vector "observer-satellite" (radial

component of the velocity) Vp, = Vp is nonzero.
i
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It is evident that

where Ri is the distance between the satellite and the point of observation.

For the case of the circular polar orbit and an observer located at the
North Pole, the following expression is obtained for vy /103

0. = (Ro -+ #) Ry, sin wcf
1= Y
4 (Ro -+ h)* - R%— 2Ro -+ )R, cos ot (1'89)

where RO is the radius of the Earth;

h is the satellite flight altitude above Earth;

w = 211/Tc where TC is the period of revolution of the satellite in
(6] .
orbit.

In the majority of the cases we are interested in the maximal shift of the
frequency as the result of the Doppler effect. It is evident that the Doppler
frequency shift is maximal at the moment of radiorise and radioset of the
satellite relative to the ground observer. The condition of radiorise (radioset)
of the satellite for the ground observer can be written most simply for the
case 8§ = 00,

In this case the times of "rise" and "set" t; and t2 are found from equation

_Ro
arg cos Ro + b (1_90)

tl,z ::T—T Tc

(as t = O we take the time of passage of the satellite over the North Pole).
Substituting tl,2 in the equation for vy, e find Vi = Vimax: For h = 2,000,
4,800 km/sec we find, respectively,

Vimax = 0255 3.52 km/sec.

In the case of an elliptic orbit inclined at an angle of 630, the equation
for the determination of vy is found to be quite cumbersome, although the dif-
ference from vy for the case of the polar elliptic orbit will be slight. There-

fore, we shall determine vy for the polar elliptic orbit, taking the same
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parameters as for the elliptic orbit. We shall carry out the calculations for
the case of the observer at the North Pole. Here we assume that the satellite
is used for communications purposes only in the course of that half of /104
the period when it is near the apogee (fig. I-23). In this case the Doppler
shift will be maximal at the time the satellite is at point P2. Let us find

vl for this point.

The position of the satellite in orbit at any instant of time t is given by
its radius-vector Rc, drawn from the center of the Earth 0, and by the angle f

with vertex at O between R and the line of apsides (ref. 20). The angle f is
c
termed the true anomaly. The value which the true anomaly would have if the

satellite moved around the center of Earth with a constant angular velocity n,

equal to 2n/Tc, where T, is the period of revolution of the satellite, is
termed the mean anomaly g.

The mean anomaly g, equal to nt (where t is reckoned from the moment the
satellite passes through the perigee), and the radius-vector Rc are expressed

as follows in terms of the true anomaly (I-8), (I-9)

a(l — e?)
Re 14 ecosf ?
ri 1 —e2 {
g==arecos ) +‘5c‘5577] - ¥

AT I

The distance between the satellite and the observer at the Pole is {105
found from equation

R=VR2 4+ R® -—2R R, sin (f — 90°). (1-91)

Differentiating with respect to t, we find

o, Foesn (=907 4 ReRo-feos (F—907) _ Refie, (1-92)

where
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5 _ 2maesinf |
Rc'—‘ V-——-l_ezTc »
f— nag(l4ecosf) 2m
. R. "/'I:_ei’ T ®

In the example considered on page 14 the parameters of the inclined
elliptic satellite orbit are the following: apogee altitude ha = 20,000 km,

perigee altitude hy = 500 km. Hence we can find the semimajor axis, the
eccentricity and the period: a = 16,650 km, e = 0.585, T, = 5 hr 50 min. The
point P2 of the satellite orbit corresponds to g = 90°. Thus we find that
f = 1500, Rc = 20,700 km. Substituting the values of all known guantities in
the equation for v,, we find that v, = 2.h2 km/sec.

It is evident that for both active and passive relaying the Doppler shift
is maximal for the case of the communication of two nearby corresponding sta-

tions. In this case it is necessary to expand the ground-based receiver pass-
band by the amount

4o

Afg==cfo=Yfo (1-93)

Figure I-23. Geometry of problem of determination
of Doppler frequency shift,
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where vD is the coefficient characterizing the required expansion of the ground

receiver passband because of the Doppler shift, and it is considered that at
the moments of radiorise and radioset the Doppler frequency shift has opposite

signs.
For the circular orbits with altitudes of h = 2,000 km and 4,800 km, the

coefficient v_ takes the values 7-10"° and u.68-10'5, respectively. For the

D
elliptic orbit with h = 20,000 km, vy = 3.24+1072.
a

Let us assume that the frequency stability is lO‘l‘L and that the Doppler
frequency shift is not compensated. In this case the coefficient Vs charac-

terizing the overall frequency shift of the radio link, take the values

vzl= 1.7-10-4; vzg = 1.&7-10u; v23 = 1.32-10'u; vzu = l-lO'u, respectively
for the circular orbits with h = 2,000 km and 4,800 km (refs. 17, 18), for the
elliptic orbit with h = 20,000 km (ref. 15), and for the stationary orbit (for

it the Doppler shift is equal to 0).

Thus, the coefficient ¥ appearing in the communication equation is written
as

F:Fo_]—vy,fo:

where F is the RF signal spectrum width (determined by the form of information
O and method of modulation);

Vs is the coefficient characterizing the overall shift of the radio link
frequency (taken for the case of the maximal Doppler shift for each
orbit).

Margin Coefficient I'. The margin coefficient I' characterizes the effect of
the medium (Earth's atmosphere) on the radio waves propagating through it. Here
two regions of the terrestrial atmosphere have the greatest effect on the
electromagnetic waves--the ionosphere and the troposphere (ref. 124).

Effect of Ionosphere on Radio Wave Propagation. The ionizing regions of
the terrestrial atmosphere, located more than 60 km above the surface of Earth,
divided into several layers (D, E, Fl and F2) and combined by the single term

"jonosphere, " have a significant effect on the propagation of radio waves through
them.
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The higher the electron concentration in the ionosphere and the longer
the operating wavelength, the more it is affected by the ionosphere. If the
frequency of the radio wave is below the critical value for one of the iono-
spheric layers, the wave cannot pass through the ionosphere: it is reflected.
The electron concentration, which exists at a height of h = 60-90 km (D layer,

Ne a;102 cm'3), is sufficient to reflect the long wavelengths transmitted from
Earth. The medium wavelengths are reflected by the E layer, located at a /107
height of 100-130 km, where the electron concentration is greater than

(Ne

~ 102 cm‘3). The still shorter wavelengths, after passing through the D
and E 1

ayers, are reflected by the F layer with a maximal electron concentration
of Né a¢106 em™3 at an altitude h = 200-400 km.

The critical frequencies of the F layer lie in the range of 5-15 Mcps,
depending on the season, time of day and solar activity cycle (ref. 5). The
reflection frequency with inclined incidence on this layer is

f=-lox (1-9%)

cosd ’

where ¢ is the angle of incidence. With operation using an antenna having an
elevation angle & = 0°, radio waves with a frequency of f = 20-50 Mcps are re-
flected from the ionosphere. As a result of the presence in the atmosphere

of large-scale formations with high electron concentration gradients at alti-
tudes of 130-150 km (E, layer), the higher frequencies right up to 100 Mcps
may also be reflected.

Thus, communication with space vehicles located beyond the limits of the
atmosphere must be maintained at frequencies higher than 100 Mcps.

However, at such high freguencies the effect of the ionosphere, as before,
is large and manifests itself in the absorption of the radioc waves on passage
through the ionospheric layers, scattering on the ionospheric inhomogeneities
and change of direction of the polarization plane on passage through the
atmosphere (Faraday effect). Let us consider each of these effects separately.

Absorption of Radio Waves in the Ionosphere. In the approximation of
geometric optics the electromagnetic wave in a medium at level z can be written

in the form

E= Egexp [——i Sfc‘ (7, — /0,0 a’z], (1-95)
2o
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where EO is the wave amplitude at the z level;

®w is the wave cyclic frequency;

¢ 1is the speed of light; /108
Xl 5 is the absorption coefficient (subscript 2 relates to the ordinary

= wave, subscript 1 to the extraordinary wave);
nl 5 is the wave refraction index.

J

The complex index of refraction (nl 2—ixl 2) is expressed in terms of the
2 J

parameters of the medium (case of normal incidence of the wave on the ionospheric
layer) (ref. 5)

. L 20 X
1) =1 T o(l—is)(l—v —is)—u sinfag
X{(l—v—is) (1-96)

—_d" - . e a—
+ YV ursinta 4-4u (1 — v —is)2cos?e

(n

where

f . is the electron gyromagnetic frequency in the ionosphere, equal to
|e|H0/2xmc;
e is the electron charge;
H is the intensity of the Earth's magnetic field at altitude z;
m is the electron mass;
f 1is the ionospheric plasma frequency, equal to VezNe/nm;
N is the electron concentration at altitude z;

f is the frequency of the wave incident on the ionospheric layer;
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veff is the effective electron collision frequency at altitude z;

o is the angle between ﬁb and the z axis.

The X, Y, Z coordinate system is chosen so that the z axis 1s normal to
the Earth's surface and the magnetic field vector HO lies in the y, z plane

(fig. I-24). The equation for n-ix takes a relatively simple form in the case
of longitudinal propagation (o = 0)

v

. 12
n—iy),, =1 ————e—,
¢ /()1,2 1—is4Vu (I-96')
We can show that in the case of interest to us of high frequencies /109
(£ >> fH) the condition of quasilongitudinal propagation is satisfied in a

wide range of angles o. Actually, in the case f >> fH

u>ut, Vu>u

and approximately

e~ 1— - (1-96")

(n .
1—is+ Vucosa

For the range £ = 100-1,000 Mcps the condition of quaslaxial propagation is
satisfied with an accuracy to 5 percent over g wide interval of angles from O
to 82-89°55', i.e., over practically the entire range of variation of the

angle .
It is evident that equation (I-96') can be rewritten in the form (we

separate the real and imaginary parts) .

e _ 2 _q_ _oliEVacoss)
P X ™ T Vicos o) 4 57 (1-97)

Us

Hatsr = Y cos e ot

Since at the high frequencies Vu cos o << 1, f >> f, and therefore /110

n ~ 1 << n then
1,2 3 Xl,2 1’23
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v(14VYucosa)

n,=1

' T (kVacosaf st
) (1-98)
_ 1 ] vSs
X2 =73 (t£Vucosa)f s2°
Since Vu cos @ << 1, s << 1 we obtain finally
1 N.
X2 = 5 05=0,65.10" L LLL, (1-99)

where N is reckoned in electrons per cm3, Vepps in sec™l and f in cps. With
e

passage through the entire thickness of the ionosphere, the integral absorption
(power) coefficient is equal to

2 Zz
p:QS—:)—X,,zdz::B-IO“SP SNeveffdz. (1-100)
2, Zo

Thus, the overall losses of the wave are determined by the frequency of
the vibrations of the incident wave (at the high frequencies, inversely pro-
portional to the square of the frequency), the electron concentration Ne and
the average number of electron collisions vgpe. The values of Ne and Vepr at

the various altitudes from z = 60 km to z = 1,000 km are presented in table I-15.

Figure I-24. Coordinate system for calculation of
integral absorption ccefficient of signal in iono-
sphere.
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TABLE I-15

Mtitude z, Jm | N_, em™3 | vepp, sec!
60 10 6.2-107
70 50 1.67107
80 6°10° 3.4-100
90 6.5-103 6.7-102
100 1.5-10% 1.5-10%
110 3.2-10% 3.5-10%
120 1-10° 1-10%
150 1.5-102 2.103
200 2.5:10° 8-10°
250 4.10° 6.10°
300 6-10° 5.10°
400 1.1-10° 1.2-103
500 8.10° 6.9.10°
600 410 2.8-102
800 1.4.10° 5.6-10%
1,000 5.10% 2.1-101

Z
Calculations show that the value of £ Ne veffdz is equal to O.h'lO17 cm=2
0
sec_l.

The ionospheric absorption margin coefficient F(l) is equal to

IM =.¢". (1-101)
With operation at frequency f = 100 Mcps the coefficient Fl = 1.01L. Con-

sequently, with operation at frequencies above 100 Mcps the ionospheric absorp-
tion can be neglected.
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Fluctuations of UHF Signal Amplitude on Passage Through the Ionosphere.
The study of the reflection of radio waves from the ionosphere has shown that
the ionosphere almost always consists of small ionized nonhomogeneities lel
which are in a state of rapid alteration, since the lifetime of each of them is
short, particularly in the higher regions of the atmosphere where the diffusion
increases markedly (ref. 5).

The presence of nonhomogeneities in the ionosphere leads to the electron
concentration Ne(z) at level z, being a random function of time t and varying

about its mean value Neo(z)

N,(z, fy==N, (2)— AN (D).

Since the wave refraction index n(z) depends on N_(z, t), it also oscil-

lates about its mean value n

n{y=n,-+ An ().

Limiting ourselves to the consideration of the case of passage of UHF-band radio
waves through the ionosphere, for which

4nN (2) e?
nE=1— """,
) me? (I-102)
n(zy=1,
we obtain the following equation for An(t) /112
4“02AN£ (t)
A () = - omwr (1_103)

where e, m are the electron charge and mass;
w is the cyclic frequency of the radio wave.

With the propagation of radio waves in this medium we observe fluctuations
of the amplitude as the result of scattering of the waves on the nonhomo-
geneities and the superpositioning of the scattered waves on the primary wave.
Let us establish the connection between the fluctuations of the amplitude of
the wave A(t) and the fluctuations of the refraction index n(t), for which we
shall make use of the results obtained in reference 55, in which it is presumed
that the random nonhomogeneities are only in the right semispace (z > 0), and
that there are no random nonhomogeneities in the left semispace (z < 0) (fig.
I-25). The plane electromagnetic wave
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E=E exp[—i(of —k2)]
propagates from a homogeneous medium into a nonhomogeneous medium.
With normal incidence of the wave on the ionospheric layer (right semi-

space), and neglecting the effect of the Earth's magnetic field (which can be
done, since f >> fH’ where fH is the electron gyromagnetic frequency), the

.equation for the electric field has the form

TE w0, 2) E=0, (I-104)

where E is either of the components EX or Ey;

¢ is the velocity of light;
e' (w, z) is the dielectric permeability of the medium, in the case of

high frequencies equal to n2(z).

k = wn(z)/c is the wave number in the medium;

Tt is shown in reference 55 that equation (I-10L4) is solved relatively easily
with satisfaction of two conditions. /113

(1) smallness of wavelength scattering;
(2) smallness of angle of deviation of scattered ray from initial direction.

We shall show that in the present case both conditions are satisfied. The
pyacticability of the first condition is obvious: the condition of smallness of
the wavelength scattering is always satisfied in the case of a weakly nonhomo-
geneous medium (An(t) << 1), which is true for the ionosphere for the frequency

range in question.

2<¢0 2>0

AARNNIN RN NN ANy g v

>,

2

.1

(S

Figure I-25. Coordinate system for calculation of
fluctuations of signal amplitude during passage
through nonuniform medium.
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Let us prove the practicability of the second condition. It is known that
the primary scattering of radio waves takes place in the F2 region of the iono-

sphere. Here the most probable dimensions of the nonhomogeneities are a = 200 m
(ref. 5). 1In the case of the radio waves of the UHF band a/A >> 1, and these
nonuniformities can be considered as large-scale. Since large-scale nonuni-
formities create sharply directional radiation, the condition of smallness of
the angle of deviation of the scattered ray from the original direction is
satisfied for them.

With satisfaction of both conditions and on the assumption that the medium
is isotropic and that its correlation coefficient is written in the form

. x4y 22
?—'eXp['“‘”‘iﬁ‘_“] (1-105)

(a is the correlation radius, of the same order of magnitude as the scale of
the nonuniformities), for the mean square of the logarithm of the ratio of the
instantaneous amplitude A(t) to the amplitude of the mirror component AO we

obtain equation

[ln f%r: Vf A_r—fK”aL[l —Lare tg Di],

D (I-106)
where
_ALh
D=
I is the equivalent length of the propagation path in the scattering
volune.
Substituting in place of An2 its expression in terms of AN2, /llh
e L1227

e — (Y B

2mw?

2
and replacing AN~ by its expression from the relation
e

we rewrite (I-106) in the form
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[ln Afl? ]z.: 1./2;‘_ al eq;::jg“ [1 — %arc tg D ] ) (1-107)

Since in the ionosphere there is a pronounced variation of the electron con-
centration with height 2, both values L and Néo are indeterminate.

Let us proceed as follows: let us assume that the scattering volume is a
"slab" of ionization with the lower boundary z;, the upper boundary z2 and the

constant value of the electron concentration
Zy
S N.(2)dz

2y
21— 23

-108
N, () 20— (1-108)

Let us carry out the calculation of [1in A(t)/AO]2 for various combinations

of z, and z, (with a 50 km step), and let us select as 2, and z, (consequently,

1
N, ) those values z, = z*, z = 2%, for wnich the quantity [1n A(t)/AO]2

0
reaches g maximum, i.e., we make an estimate of this guantity from this.

Making the calculations for the case of the electron concentration distri-
bution shown in table I-15, we find that these values will be z*l = 250 km,

z%, = 600 km, i.e., L = 350 km. Then Neo = 8.5.10? cm~3. Taking /115

o= 1072, a = 200 m (ref. 56) and substituting into (I-107) the values of all
known quantities, we obtain

AV _eqal 1
[ln A, ]——4,5-10 °22L1—~D—arc.th]- (1-107")

We calculate [1n A(t)/A0]2 for various A and summarize the results of the com-
putations in table I-16.
There is basis to presume that the deviations AA from the mean value AO

have a normal distribution in the case of operation at the high frequencies
(wvhen the power of the scattered wave is less than the power of the direct wave,

ref. 57).
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TABLE I-16

A, cm I 10 | 30 I 50 ‘ ™ | 100 150 200

[1n A(t)/AO? | 3.8-10'5'1.5-10'3‘6.3-10‘3ll.7-1o'2lg.u-m'2 8.4-10"2}15.7-1072

We computed the values of
T, A0 1P _
[]n-‘:;l‘o—"] =y-.
We need to find the relationship between y2 and AAZ.

Tt is known that the distribution function of the random quantity y = £(x)
is expressed in terms of the distribution function W(x) of the random quantity
x as follows

W () =W (x) l¢ (4)] 55 (1-109)

where @(y) is the inverse function of f(x), expressing x in terms of y. In
this case x = AA and

x4+ A .
f(x):ln~——Ao ’

¢ (y) = Ao (ev —1).

Consequently /116

. v 0 (1-110)
VO=yemvim

By definition

+00

= (W yay,

<

and then
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2(eV —
Ao(e 1)

+“ 2y/on (I-111)

A
Denoting 'Vﬁéﬁ

y2 for various 6. The results of the computations are summarized in table I-17.

by © and considering © a parameter, we determine the value of

We use the data of the table to construct the graph (fig. I-26) of the

R _
variation of L//(J%i) with y° (interpolation graph). Using the graph and the
]

for various A. The results

data of table I-16 we calculate AMN_ e L
V (G =VF

are summarized in table I-18.

The calculated values of P<;§7%_ are used to construct the graph of
0

figure I-27.
/117
It is of interest to make a comparison of the results obtained with experi-
mental values. The data on the magnitude of the fluctuations of the amplitude
of the electromagnetic wave, as it passes through the ionosphere, are basically
obtained with the aid of observations on the intensity of the radiation of the
galactic radio sources ("radio stars"). In particular, reference 58 contains

TABLE I-17 -
] 2 3 4 5 6 7 8 9 10 11 12
1 1 t 1 1 1 1 1 1
Viz | Al fl g [gadgho7Agde A | oo | i | 15
-Eﬁ-lm 375 175 | 75,2 |46,5(31,4 [21,6(16,4] 12,4 | 10.0 8,0 6,0
TABLE I-18
\ cu 10 ’ 30 50 75 ' 100 150
[
Ve % 0,5 5 8.5 12,8 17,25 25
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Figure I-26. Mean square of logarithm of fluctuation
versus mean fluctuation of amplitude.
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Figure I-27. Variation of average amplitude
fluctuation with wavelength.

data on the fluctuation of the intensity of the radiation of the radio /118
source in the constellation Cassiopeia at the frequency f = 79 Mcps (A = 3.8 ).
These dats indicate that there are three types of recordings of galactic noise.

(1) records with no fluctuations (small number of records);
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(2) records with normal type of fluctuations characterized by the fact
that the average amplitude of the fluctuation is equal to 23 percent of the
average amplitude of the field (majority of the records);

(3) records during periods of strong disturbances in the terrestrial mag-
netic field, characterized by high amplitude of the fluctuations. The average
amplitude of the fluctuations reaches 67 percent of the intensity of the source
(small number of records).

By interpolation we find from figure I-27 that the calculated value of the
mean square amplitude of the fluctuations at the wavelength A = 3.8 m is equal
to about 65-T0 percent of the signal intensity. Thus, with strong disturbances
of the terrestrial magnetic field (when high "diffusivity" of the F, layer is

observed), the calculated and experimental values are approximately the sanme.
In reference 59 it is shown that with observation of the intensity of the galactic
noise at a frequency of 223 Meps (» = 134 cm) cases were noted when the ampli-
tude of the fluctuations reached 35-50 percent. Although the authors do not
indicate the probability of the occurrence of such values of the amplitude /119
of the fluctuations (there is no doubt that these values are higher than the
average value), we can still show that in order of magnitude the calculated
and experimental values are in quite good agreement. These examples indicate
that our results on the preliminary estimate of the intensity of the fading of
the radlo signal on passage through the nonuniform atmosphere to a certain
degree correctly reflect the objective reality and therefore can be used for
the selection of the operational wavelength.

Let us determine for the various frequencies the values of the fading

(power) margin coefficient F(g). We calculate F(E) from the approximate

equation

1 2

rem~f—— 1

a I/(ZT)Z ' (1-112)

The results of the calculation are summarized in table I-19.

These computed values lie on the curve

e =1--0,47 (2 —0,07), (I-112")

with an adequate degree of accuracy, where ) is measured in meters.

Rotation of the wave polarization plane (Faraday effect). With the ex-
istence of FEarth's magnetic field, the ionosphere is a medium with dual re-
fraction: a radio wave propagating through it is split into two components
(normal waves)--the ordinary and the extraordinary. These components propagate
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TABLE I-19

A, cm | 10 30 50 75 100 | 150 | 200 | 250 300

r(2) 1.015(1.110| 1.207| 1.315 | 1.472 | 1.785 | 2.040 | 2.660 | 3.820

in the ionosphere with differing phase velocities, and therefore after passage
through some distance there appears a phase shift between them, which Zl20
leads to a rotation of the plane of polarization of the overall wave. In the
case of a moving radiator (for example, with the installation of the transmitter
on board a satellite) there is continuous rotation of the plane of polarization.
The signal received by a linearly polarized antenna undergoes polarization
fading (ref. 60).

With the following simplifying assumptions

(a) propagation is quasilongitudinal (for high frequencies this is satis-
fied up to o = 800, where o is the angle between the wave vector and the direc-
tion of the terrestrial magnetic field);

(b) £ > fo,- £ >> f_, where f

H 0 is the plasma frequency in the ionosphere;

fy is the electron gyromagnetic frequency in the ionosphere;

(c¢) there is no refraction in the ionosphere and the propagation trajec-
tories of both normal waves are the same;

(d) the structure of the ionosphere is layer-wise uniform,

-- the angle of rotation of the wave polarization plane along the propa-
gation path in the ionosphere can be represented in the form

h(t)

0=X % (N.(h)dh, deg.

[ (I-113)
ho

Here K = 2.36-10u (Gaussian system of units);
f is the wave frequency, cps;
N_ is the electron concentration in el/cme;

0]

M= HO cos O sec §;

H. is the intensity of Earth's magnetic field, oe;
h 1is the height of the lower boundary of the ionosphere, cm;

h(t) is the height of the radiation source, cm;
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8 is the zenith angle
@ is the magnetic deelination.

At heights near 1,000 km the quantity M = HO cos O sec § varies little

along the wave propagation path; therefore its averaged value is taken out from
under the integral sign. Assuming for simplicity that cos 8 sec § = 1 and that
the distribution of the electron concentration Ne(h) in the ionosphere /121

corresponds to the data of table I-15, we obtain

Q— 2.37.1017 ,deg. (1_1131)

=—"p

We calculate 0 for the various frequencies of the UHF band and summarize
the results in table I-20.

The expression for the rate of rotation of the polarization plane of the
wave is found by means of differentiating (I-113) with respect to time.

An idea of the magnitude of the rate of rotation of the plane of polari-
zation can be given by the data obtained with the aid of calculations using
the approximate equation

. -3
de — 3.4-10 H.N

. = —%-deg/sec, (I-11L4)

D

where N, 1is the number of electrons in a column of the ionosphere with a
D
base of 1 m2;

h is the satellite flight altitude, in m.

As an example let us consider h = 300 km. The satellite flight altitude
h = 300 km corresponds to a flight velocity v = 7 km/sec = 7-:103 m/sec and
N, = 3.2&-1017 2. In this case
P

_%%::J'%;¢“deg/sec. (I-114")

We calculate dQ/dt for the various frequencies and summarize the results
of the calculation in table I-21. If we assume that in the absence of the /122
ionosphere the polarization vectors of the antennas of the corresponding
stations are colinear, the level of a signal with linear polarization received
on a linearly polarized antenna varies according to the law
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A(t) = Ay cos [0(t)],

i.e., it is subject to deep fading (polarization fading as the result of the
Faraday rotation of the polarization plane of the electromagnetic waves). The
fading rate dQ/dt is inversely proportional to the square of the frequency.

To prevent fading it is necessary to use antennas with circular polarization.

Effect of the Troposphere on Radio Wave
Propagation

Absorption of Radio Waves in the Troposphere. According to reference 61,
the greatest absorption occurs in the oxygen and water vapor of the atmosphere,
and also in rain.

Considering that the intensity of the rain falling simultaneously over a
large territory will not exceed LO mm/hr (in this case the height of the rain
front will not exceed 2 km), we present some data on the magnitude of the
absorption coefficient for radio waves in oxygen and water vapor and also in
rain with an intensity of 43 mm/hr (curves a and b, fig. I-28).

It is evident that the magnitude of the absorption coefficient depends on
the length of the propagation path in the absorbing medium. Let us determine
the equivalent length of the propagation path in an absorping medium for two
cases.

(a) absorption in the oxygen and water vapor;
(b) absorption in rain with altitude of rain front 2 km.

The calculation is made for the minimal elevation angle of the receiving
antenna Gmin = 50,

For relatively low heights h above the surface of Farth, the barometric
equation for the distribution of the concentration of air particles in Earth's
atmosphere is valid

n—=ne ¥ (1-115)

TABLE I-20

£, Meps | 100 | 200 | 500 | 800 | 1,000 | 2,000 | 3,000 | 5,000

Q, deg | 2,370 | 595 95 37 2l 6 3 1
TABLE I-21
£, Mcps 100 | 200 500 800 1,000 2,000 3,000 5,000

a/at, deg/sec | 1.7 [0.43 |7-102|2.7.2072 | 1.7-1072 | 4.3-10"3 [1.9.10-3 |7.107#

105



where nO is the particle concentration for h = 0;

[123

H is the equivalent height of a uniform atmosphere, equal for air to
H = 8.18 km.

The distance d between the points A and B (fig. I-29) is related as fol-
lows to the height h of poiht B above Earth's surface

h=VdF R ;- 2Rdsint _ —Ro. (I-116)

Substituting in place of h its expression in terms of d in the barometric equation
and integrating with respect to 4 in the limits from zero to infinity, we obtain
the equation for the determination of the equivalent length of the propagation
path (referred to the uniform atmosphere) for the case of absorption in

/124
oxygen and water vapor

©o
_ d*+Ri+2Rud sind 5 — R
Req --—Sexp [— g dd. (I-117)
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Figure I-28. Variation of signal absorption coefficient
in troposphere with wavelength.
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Performing the integration with 6 . = 5°, we obtain R, = 90 km. TIn the

case of absorption in rain with height of the front h = 2 km, the length of the
propagation path with émin = 5° is equal to R'eq = 20 km. Using curves a and b

of figure I-28, we calculate the power margin coefficients F(3) = F(3); F(3) =
1 2
(r(3))2

for compensation of the absorption in oxygen, atmospheric water vapor
and rain. The results of the calculations are shown in figure I-30.

Figure I-29. Geometry of problem on determination

of equivalent length of propagation path in uniform
atmosphere.
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Figure I-30. Margin coefficients F§3), Fé3) for

tropospheric absorption (active and passive relay,
respectively) as function of wavelength.
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Refraction of Radio Waves with Passage Through the Troposphere. Refrac-
tion of the radio waves (deviation of the path from rectilinearity) is observed
both with passage through the troposphere and with passage through the iono-
sphere. However, the magnitude of the ionospheric refraction is inversely
proportional to the square of the frequency (ref. 5), and with operation at the
high frequencies its contribution to the overall refraction is not large. The
magnitude of the ionospheric refraction is calculated from the equation

A5, = - 20-3cos b [aegl, (1-118)
sin36£2

where f is used in Mcps.

Tropospheric refraction in the radio wavelengths from 3 cm to 3 m does
not depend on the wavelength. For elevation angles § differing somewhat from
0°, the magnitude of the tropospheric refraction is calculated from the equa-

tion (ref. 62)

A8 = (n-1) ctg & [deg], (1-119)

trop

where n is the tropospheric index of refraction (n-1 a:3'10'4). The computed
values of the angles of tropospheric and ionospheric refraction for different
8§ at wvarious frequencies are shown in figure I-31.

We can see that with operation at frequencies above 300-400 Mcps the overall
refraction is determined primarily by the tropospheric refraction and does not
depend on the frequency. With § = 59 the refraction is equal to A8 = 10'.

Without accounting for the refraction phenomenon, with programmed tracking
of a satellite by a ground-based antenna it is possible to "lose" the satel-
lite, if the width of the ground antenna pattern is less than the refraction

angle.

It is known that for good antenna operation it is necessary to have a
high degree of accuracy of fabrication of the reflector: the deviations must
not exceed x/16 (ref. 52). Usually the accuracy of fabrication of the antenna
is characterized by the relative fabrication accuracy, equal to A/16D (D is
the antenna diameter). At the present time antennas are built with a relative
fabrication accuracy which reaches 10-4. With a constant diameter of the
ground antenna, this limits the upper band of the operating frequencies. With
operation at a frequency critical for the given diameter (A = 16D-10-4), the
width of the antenna pattern at the half-power points is equal to approximately
10*' (antenna surface area utilization coefficient taken equal to 0.5). /126

With operation at the wavelength A = 30 cm, the critical diameter of the an-
tenna is equal approximately to D¥ ~ 187 m; with the use of an antenna with
D = 20 m, the critical wavelength is equal approximately to A¥* ~ 3.2 cm.

Thus, accounting for refraction in the compiling of the program for the
antenna drive is necessary with small elevation angles § and for operation at
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Figure I-31.. Variation of tropospheric refraction
(solid lines) and ionospheric refraction (dashed)
with frequency for various elevation angles.

frequencies close to the critical for the given diameter of the ground antenna
D2. If the operating frequency is above 300-400 Mcps and use is made of an

antenna with pattern width exceeding 1°, refractions can be neglected.

In addition to regular refraction due to the nonunity value of the medium
index of refraction, which can be compensated by the introduction of a /127
correction, there is also irregular refraction, due to the existence of fluc-
tuation of the medium index of refraction, which cannot be accounted for by
the introduction of a constant correction. However, as a result of the rela-
tive smallness of the fluctuations of the medium index of refraction (tropo-
sphere, ionosphere) the mean square value of the angle of irregular refraction
is approximately an order of magnitude smaller than the mean square value of
the angle of regular refraction, and the irregular refraction can be neglected
with the existing accuracy of antenna fabrication.

Margin Coefficient Nl’ The margin coefficient Nl characterizes the losses
due to the nonuniformity of the field patterns of the transmitting-receiving
antennas, the losses due to the inaccuracy of the pointing of the ground antenna
at the AES, the losses 'in the antenna feeder circuit of the receiving station
and the polarizgtion losses. On the assumption that on board the satellite we
use an antenna with a conventional radiation pattern (not specialized), the
margin for the losses due to the nonuniformity of the pattern should be taken
equal to 2.
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If for passive relaying use is made of an AES in the form of a metallized
sphere, the secondary radiation of the satellite surface will be the same in
all directions (isotropic radiator), and there will be no need for a margin for
the nonuniformity of the AES antenna pattern. We shall take a margin for 2
for the losses in the antenna feeder circuit of the ground receiving antenns.
We also take the margin for inaccuracy of the pointing of the ground antenna
at the AES as 2 for the case of both passive and active relaying.

The value of the margin coefficient for the polarization losses depends
on the mode of polarization of the ground and onboard antennas. Let us dwell
in more detail on the question of the selection of the type of polarization
of the onboard and ground antennas.

Let us consider the problem of the determination of the energy transmis-
sion coefficient between two antennas with elliptical polarization--ground
and airborne.

In the coordinate system, whose x, y coincide with the principal axes of
the polarization ellipse of the ground receiving antenna, the elliptically
polarized signal radiated by the transmitting antenna (AES antenna), can be
represented in the form shown in figure I-32, where angle B is the angle Zl28
between the semimajor axes of the polarization ellipses of the receiving
antenna and the signal emitted by the transmitter.

It is known that the elliptically polarized signal can be separated into
two circularly polarized signals with opposite directions of rotation, in the
general case having differing amplitudes A'l, A'2 and different phases w’l,

¢'s (fig. I-33). Let us determine the relationship between Ay, Ay, 373, @0
and AO’ BO’ B.
Equating the components Ex’ Ey of the incident signal and the cir- /129

cularly polarized waves into which it can be decomposed, we obtain

~<
<

a b

Figure I-32. Polarization ellipses of receiving
antenns (a) and signal emitted by transmitter (b).
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A, cos (of -+ ¢,) cos B — B, sin (6f -} ¢,) sin B =
= A’ cos (vf _I_ ?',) 4 A’ cos (of 4 ¢'), . ( I-120)
A, cos (wf + ) sin B+ B, sin (of 4 ¢,) cos p=
= A’léin (ot - ¢',) — A'ssin (wf - ¢',).

Solving the system of equations. (I-120) we find

Vi=p+p A,=TFB et (I-121)
?':"::?o—p,_ A’3="4°——2'-B.‘=‘%!(1 —el)’

where ey is the eccentricity of the polarization ellipse of the incident wave

(ratio of semimajor and semiminor axes). Thus, the circularly polarized compo-
nents into which the incident elliptically polarized wave is decomposed can be
represented in the form

A =1 ’;° (1 4-e,) cos (of + ¢, B) 1+

+7 A; (1 4 ¢)sin (ot }-9, 4 B),

(1-122)
'A‘F.=_i_‘;°_ (1 —e,) cos (of }-9, —B) —

-7 ‘;' (1 —e,)sin (of -}- 9, — B),

J

where j, 1 are unit vectors directed along the axes x, y.

We can show that the receiving antenna with elliptic polarization is
equivalent to a system of two circularly polarized antennas AI’ AII’ having

y A
Arcostwt+;) A,'cﬂ.r(wt*y})
/ V\ . / 7\ z

Figure I-33. Circularly polarized signals with right-
or left-handed rotation of polarization vector.
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opposite directions of rotation and transmission coefficients k., k2 (direc-

tional) whose ratio is

where e2 is the eccentricity of the polarization ellipse of the receiving /130

antenna (fig. I-3h4).
The phase shifts of the antennas Ay, Ayy must be taken to be the same,

since the principal axes of the polarization ellipse of the receiving antenna
coincide with the coordinate axes y, x.

In turn, the antenna with circular polarization can be represented in the
form of two spatially orthogonal linearly polarized antennas, between which the
phase shift is plus 90° or minus 90°, depending on the direction of rotation of
the polarization circle of the circularly polarized antenna (fig. I-35).

We note that the polarization vectors of the linearly polarized antennas
must coincide with the axes x, y of the coordinate system which we have

selected.

Thus, the elliptically polarized receiving antenna is equivalent to the
antenna system shown in figure I-36. The transmission coefficient between the
two antennas with elliptical polarization can be written in the form

K=c—o (1-123)

:‘;FC/{/"II -

k,=Ci(1-6;)

Figure I-34. Equivalent circuit of receiving antenna
with elliptical polarization.
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where Pre is the received power;
Pt is the trahsmitted power;
r
¢ is a constant determined from the normalization condition.

Evidently, on the dipoles Al’ A2 there are induced the emf's

(a) with arrival of a right-hand polarized wave

A (1) cos (@t -+-a+B

Aru__:i;_ (1 —l— &,) sin (of + P+ B)’

A=

4 -%0
\
A\
)
A |___.__——49=-9a
\
AN

Figure I-35. Equivalent circuit of antenna with circular
polarization.

k=Ci(f+e;)

blrcl{’_el)

Figure I-36. Complete equivalent circuit of receiving
antenna with elliptic polarization.
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(b) with arrival of a left-hand polarized wave /132
. . A
A =-=32-{1 —¢,) cos (of -9, — ),

Ay =-3 (1 —e)sin (o + ¢, — B).

After introduction of a 90° phase shift and summing (powers), the resulting
signals on the antenna Al will be

&) A= (16 cos (of 8 B
b ) A=0. (I-124)

The same emf's are induced on the dipoles A3, Ah as on the dipoles Al’ A2.

However, as the result of the -90o phase shift the resulting signals on the
antenna AII will be

a ) An — 0;
} (1-125)

b ) A,,———%a—e,)cos(wtﬂo—m.

Assuming the coefficients kl’ k2 equal to

r=c(l-+te), ky=c, (1 —e)

(vhere c. is some constant number), after addition of the signals (I-124) and

1

(1-125) (powers are summed) we obtain at the output of the receiving antenna
the signal

Ay =5, [(1 ) (1 }-¢,) cos (of ¢4} f)

(1 — ) (1 — e cos of -, — Bl (1-126)
Thus, the received power will be
A 2
Pre =05 [(1+e)(+6)+1—e)r0—g) (1-127)

+2c0s28(1 —€]) (1 — )l
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It is evident that the transmitted power is Zl33

p

Pip = ‘42" c.(1+4-¢), (1-128)

where c2 is a constant.

After simple manipulations, we find that the energy transmission coeffi-
cient between the two antennas with elliptic polarization K can be represented
in the form

¢ 2. " dewe,  (1—e)(1—2c)
K:.f[(1+ez)+ 146} ll—l—ef - cos2f) (1-129)

*

We find c, considering that K = 1 with e; = e, and B = O (polarization ellipses

of transmitting and receiving antennas coincide)

‘iya (I-130)

Consequently, the normed energy transmission coefficient can be finally
written in the following form

L], de.c, (t—e)(1—cd)
K =111
K 2[ +(1+e?)(1+e§)+ (1 + &) (1 4 &) cos2B |. (I-131)

Thus, knowing the relative positions and parameters of the polarization
ellipses of the onboard and ground antennas, from (I-13Ll) we can find the
(power) loss of a given receiving antenna in comparison with the receiving
antenna, whose polarization ellipse coincides exactly with the polarization
ellipse of the incident signal.

Calculations were made for K with various combinations of €y, €p B, and
the results are shown in figure I-37.

Analysis of the curves shows that in the case of communication between
moving stations (B changes) the optimal variant is that in which the onboard
and ground antennas are circularly polarized, since the energy transmission
coefficient does not depend on the angle B (axial symmetry) and has its /136
maximal value (K = Kmax =1). Consequently, there is no need to introduce a
margin for the polarization loss in this case. However, in this case of com-
munication of a ground station with a satellite, there are sometimes obstacles
to the implementation of this version of the design of the radio link.
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Figure I-37. Energy transmission coefficient between two

antennas with elliptic polarization as function of angle B
between semimajor axes of polarization ellipses.
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There are two factors which prevent the universal implementation of this
variant:

(a) the limitation of the width of the field pattern in which circular (or
nearly so) polarization of the field can be obtained;

(b) the effect of the variation of the direction of rotation of the cir-
cularly polarized wave during its propagation in a magnetically active medium
(ionosphere).

We noted that in the case of communications satellites the width of the
antenna pattern of the satellite (at the half-power points) must be equal to
® = o + 2y, where o is the angle of coverage of Earth's surface from the
satellite, equal to

o . Re
a—QarCSlﬂm, (1_132)

and v 1s the correction for instability in orientation of the satellite toward
the center of Earth (fig. I-38).

At the present time ground antennas can be fabricated with a maximal width
of the pattern in which nearly circular polarization is achieved of up to
100° (ref. 63). If we assume that it is possible to build an onboard antenna
for the AES with the same polarization parameters, this corresponds, with
v = £ 5°, to a satellite flight altitude h = 2,000 km. With lower satellite
flight altitudes 6 increases, and circular polarization of the field (one /137
direction of rotation) will not be obtained over the entire width of the radia-
tion pattern, but only in the central portion; closer to the edges of the
pattern the polarization becomes increasingly more elliptical, and with very
broad patterns, when 8 = 180° (this case is realized with a large instability
correction v), it passes through linear and again becomes elliptic, but with
opposite direction of rotation (refs. 63 and 52).

Analysis of the curves of figure I-37, relating to the case e, = 1, shows

1

that with different signs of e and e. the transmission coefficient K begins to

2

decrease sharply with increase of €5 and with e, = -1 it becomes zero. Thus,

if an attempt is made to use antennas with circular polarization on the ground
and on board the satellite, in the case of relatively low flight altitudes it is
possible to have considerable attentuation of the signal on the edges of the
antenna pattern, which is extremely undesirable, since it is here that the
distance between the corresponding stations is maximal and, consequently, the
power consumption will also be maximal.

In the cases of higher satellite flight altitudes, the argument on point
(2) naturally loses force, since the provision of an onboard antenna with circu-
lar polarization of the field (or close to it) over the entire pattern does not
present any difficulty.
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Figure I-38. Geometry of problem on determination
of field of view of Earth's surface from satellite.

The only factor preventing the unrestricted simultaneous use of antennas
with circular polarization for transmission and reception in this case is the
effect of the variation of the direction of rotation of the circularly polarized
wave during passage through the ionosphere. Let us consider this phenomenon
in more detail.

The eccentricity of the normal waves (ordinary and extraordinary components )
at the altitude z in the approximation of geometric optics is written in the
form (ref. 64)

Poo _, __;_ _2Vill—is—ojcosa

E »-61_2———1 P Ly
x1.9 u sin®a+ 3 u?sintatdu(l—is—uv)2cosa

(I-133)

where plus in the denominator refers to the ordinary wave (subscript 2), minus
to the extraordinary wave (1). Notation is the same as previously used (see
"Absorption of Radio Waves in the Ionosphere"). /138

In the case of relaying of signals via AES, the operating frequency must
be higher than the critical frequency of the layer fo. Consequently, the

condition f >> fo, £ > fH, £ > Vepe is satisfied, and with a high degree of

accuracy equation (I-133) can be rewritten in the form

PSR — L S (I-134)

usin®e 4 V u?sin®* « + 44 cos?a
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In the case of angles o which are not close to 900, the condition

4y cos’a > ulsinta _ (%)

is satisfied, and the equation is rewritten

. 1
€= i S
{4 Visinia’ (1-134")

" 2cosa

i.e., propagation with angles o which are not close to 90° can be treated as
quasilongitudinal propagation; here the polarization of the normal waves is close
to circular. For example, at a frequency f = 1,000 Mcps the ellipticity coeffi-
cient of the ordinary wave e, is equal to 1.1 only with o = 89034'. Conse-

quently, the condition of quasilongitudinal propagation is satisfied over
practically the entire range of variation of the angles o = 0 to 909, with the
exception of a small region of this range directly adjacent to the value

a = 90°.

Thus, during the entry into the ionosphere of a circularly polarized
high-frequency signal there is practically never any appreciable intensity of
parasitic component generated with oppositely directed rotation, and the elec-
tromagnetic wave propagates in the ionosphere in the form of one of the magneto-
ionic components (ordinary or extraordinary), i.e., the transmitting device
which radiates radio waves with circular polarization is "matched" with the
"entry'" into the ionosphere.

We can judge the degree of matching by the following numerical example:
at the frequency f = 1,000 Mcps with o = 89034' the ratio of the intensities of
the normal waves is equal to n = 4kl (the generation of the magnetic components
proceeds in this same proportion with incidence onto the ionospheric layer /139
of a circularly polarized wave), and the wave with a direction of rotation equal
to the direction of rotation of the incident wave predominates. Consequently,
a wave incident on the ionospheric layer propagates in the ionosphere in the
form of one of the magneto-ionic components, and its polarization changes in
accordance with expression (I-133) as a result of the variation of the medium
parameters (Ne, veff) and the angle between the direction of propagation of

the wave and the magnetic field of Earth o. In this case the variations of the
angle o have the strongest influence on the polarization properties of the
signals; the variations of the medium parameters make such a small contribu-
tion at the high frequencies that thelr effect can be neglected. A particularly
pronounced variation of the polarization properties of the signal with the

angle o is observed in the neighborhood of o = 90°.

Let us consider the behavior of the signal in the vicinity of the point
o = 90°, when the condition
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41 cos’a <€ 1®sinta, (%)

is satisfied. With satisfaction of the condition (*¥) equation (I-134) is re-
written in the form

e .~ 1 2y ucosa
L2~ T ~ 4 T 9costa *
u sin? a4 sina (H— Tcgi‘n‘—a) (1'13)4")
C b
Replacing o by o = 90O -x we obtain
for the ordinary wave
- Vu
e, < i sy,
for the extraordinary wave
. slny
e, = —1—="=,
1 V”

Thus, in the vieinity of o = 90° (x = 0°) the normal waves are elliptically
polarized and their polarization ellipses are conjugate (ele2 = 1). The sign

of the ellipticity coefficient el ? which formally defines the direction of
2
rotation of the polarization vector, depends on the sign of %, i.e., the sign
of e, , changes with transition of X through 0° (a through 90°),
2

This analysis makes it possible to draw the conclusion that if geo- {lhO
metrical optics are gpplicable, the signal trajectory passes through the point
at which the wave normal is perpendicular to the line of force of Earth's mag-
netic field, and if this point lies in the ionosphere, then the direction of
rotation of the polarization vector of the circularly polarized electromagnetic
wave propagating through the ionosphere will be reversed.

It is evident that this phenomenon must lead to a significant attenuation
of the signal as the result of the "mismatching" of the polarization of the
transmitting and the receiving antennas (fig. I-37).

Let us see how frequently this condition is satisfied in practice. Accord-
ing to reference 65 the equation of the line of force of Earth's magnetic field
in the polar coordinates r, ¢ (the coordinate plane includes the line of force,
figure I-39) can with adequate accuracy be written as

— Rocos? ¢

cos? ¢, ’ ( I-1 35)
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where Ro is Earth's radius; Z&&i
¢ is the geomagnetic latitude, measured from the magnetic equator;
@' is the geomagnetic latitude of the point of observation;
SP is the radio wave trajectory;

P' is the point of intersection of the wave trajectory with the line
emerging from the point with ¢ = e

It can be shown that the condition of perpendicularity of the vectors of
the wave normal and Earth's magnetic field is written in the form

cos? ¢
cos? ¢q

sin 2¢ = cos (¢ — ') sin 2p -}- cos® ¢-sin (¢ — ¢'). - (I-136)

In order to judge the probability of the fulfillment of the conditions
required for the occurrence of the effect in question, it is necessary to deter-
mine for various values of ¢' the range of the interval of the angles A in
which the condition o = 90° is satisfied on the portion of the wave trajectory
lying in the ionosphere.

It is evident that we should take as the coordinate of one end of the
interval (¢l) the coordinate of the point P'l which lies on the lower boundary

of the ionosphere.

—— e

Figure I-39. Geometry of problem on determination
of "dangerous'" interval of angles.
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Taking the height of the lower boundary of the ionosphere hl = 100 km and
requiring the satisfaction of o = 90° at point P'l, we find the equation for

the determination of @l

Reth sin 9, = cos (¢, — ) sin 2¢, + cos? ¢, sin (¢, — 9. (1-137)

As the coordinate of the other end of the "dangerous' interval let us take the
coordinate @2 of point P'2, which is the point of intersection of the tangent

to Earth's surface at the point of observation S5 and the corresponding magnetic
line of force. Considering that the radius vector of the point P'2 satisfies

the relation

T = o5 (g — 97’ (1-138)
we find the equation for the determination of @2

cos® ¢, ==1g (¢, ~ ¢ (1-139)

Solving (I-137), (I-138) and (I-139) we find wl and @, and from them /1h2

determine h2 and A for the various values of ¢'. The results of the calculation

are shown in figures I-40 and I-4l.

Analysis of the curve of figure I-4l1 shows that the width A of the "dan-
gerous' interval of the angles diminishes with movement of the observation point
from the magnetic equator toward the magnetic poles. Consequently, the effect
of the variation of the direction of rotation of the circularly polarized wave
must appear most frequently with location of the observation point in the vicin-
ity of the magnetic equator.

In the case of communication of a ground station with a satellite, the
width of the "dangerous' interval A will depend on the shape (circular or ellip-
tic) and the parameters of the orbit (inclination, apogee height, perigee, etc.)
and the time t.

It is evident that the width of the 'dangerous' interval of angles A will
be maximal when the prcjection of the satellite track on Earth'’s surface is
close to one of the magnetic meridians. In this case we should take as A the
calculated values which we have presented in (fig. I-4l1).
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Figure I-Ll. Variation of width of "dangerous"
interval of angles A with geomagnetic latitude
of observation point ¢'.

Similar calculations show that during communication with a satellite in
an equatorial (or nearly so) orbit the conditions for the occurrence of the
effect of the variation of the direction of rotation of the polarization (lh3
vector are absent, since the points of the signal trajectory with o = 90° 1lie
beyond the limits of the jonosphere and outside the orbit.

We noted that a necessary condition for the occurrence of the effect of
the variation of the direction of rotation of the circularly polarized signal
during passage through the ionosphere is the condition of the applicability of
geometric optics. If the condition of applicability of geometric optics is not
satisfied, there occurs 'polarization degeneration," which means that the
polarization of the electromagnetic signal is not altered on passage through
the ionosphere. 1In reference 64 the condition of applicability of geometric
optics is written in the form
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¢ is the velocity of light.

Note. As before we consider f >> fo, £ >> fH, > Vepr-
We are interested in the practicability of the applicability of the condi-

tion of geometric optiecs at the point with o = 90°. Assuming that o = 90°, we
obtain

(I-1L07")

We made computations of da/dz at points of the trajectory with o = 90° /1L
for different trajectories and found that do/dz = 2:10-9 cm-l.

Since in Earth's ionosphere, from the data of reference 5, u (z) < 2.10-12

£-2, Ne(z) < 2.10° cm™ 3, < 1071 cm'”, it is not difficult to see that

dNe/dz

lwf '>|‘Ff Imin=2-10"%f cam-?,

|93 | <1 92 e = 1% TR T0%]=% ¢~ (1-140")

(frequency f in cps).
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We calcu’.ate the ratiol—zl——f for various values of the frequency and plot

l]wflmin
the results in figure I-L2.

Analysis of the curve shows that the geometric optics approximation is
valid at the point with o = 90° only for frequencies not exceeding LO Mcps.
The range from L0 to 100 Meps is intermediate; it separates the range of appli-
cability of geometric optics (normal waves are independent) and the range in
which the quasi-isotropic approximation is applicable for the consideration of
the polarization properties of the signal (polarization of the signal does not
change with passage through the point with o = 90°). The quasi-isotropic ap-
proximation is valid for frequencies above 100 Mcps.

This analysis maekes it possible to draw the conclusion that in the case of
operation at frequencies above 100 Meps the conditions are absent for the

pAmax
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0L+
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7k
[ 8
5 -
Geometric optics (nor-
‘F mal waves independent)
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I . isotropie
/] Region of inter- [with re-
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’ | \
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Figure I-L2. Determination of limits of acceptability of
geometric optics for analysis of signal polarization.
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manifestation of the effect leading to a change of the direction of rotation of
the circularly polarized signal with passage through Earth's ionosphere.

Consequently, with operation at frequencies above 100 Mcps, in the case of
the medium and high orbits (h > 2,000 km), the optimal version of the design of
the radio link is by use of circularly polarized antennas on board and on the
ground (ref. 125). 1In the case of low orbits (h < 1,000 km), when the width of
the antenna pattern required for complete coverage of Earth's surface is so
large that with the present state of affairs it is not possible to fabricate an
antenna with circular polarization of the field (of one sign) over the entire
width of the pattern, an antenna with a linearly polarized field should be used
on the satellite, and one with a circularly polarized field on the ground. /145
A disadvantage of this approach to the design of the radio link is the additional
power loss of a factor of 2 (polarization losses) because of the mismatching of
the polarizations of the onboard and ground antennas (ref. 108).

In our examples of the solution of various problems on the provision of
ground-to-ground communications using relay via AES, we consider satellites at
medium and high altitudes. Therefore, hereafter we shall assume that antennas
with circular polarization are used on poard and on the ground.

It is obvious that purely circular polarization of the field is obtained
only in one direction. In other directions the field polarization is ellip-
tical. However, according to reference 66, in the conventional antennas with
elliptical polarization (spiral antennas) the eccentricity does not exceed 2
over the entire width of the field pattern (at the half-power points). Assum-
ing that the eccentricity of the receiving antenna on the ground is ap- Zlh6
proximately equal to 1, we find that the minimal value of the energy transmission
coefficient is equal to 0.9. Consequently, in the case of the use of antennas
with circular polarization on board and on the ground, the polarization (power)
loss margin is only a factor of 1.1.

Summing up all that has been sald, we can draw the conclusion that in the
case of active relaying the margin coefficient Nl should be taken equal to 8.8.

With passive relaying we use an antenna with linear polarization for the trans-
mitter and an antenna with circular polarization for the receiver. In this
case the polarization loss margin is 2. Consequently, in the case of passive

relaying the margin coefficient Ni should be taken equal to 16. With increase

of the pointing accuracy of the receiving (active relay) or of the receiving
and transmitting (passive relay) antennas, power gains of factors of 2 and L,
respectively, for the active and passive relay are possible (margin coefficient

N; becomes equal to 4.4 and L, respectively).

Choice of Optimal Wavelength. The analysis presented permits making the
selection of the optimal operating wavelength for all radio links mentioned

above.
Let us determine Pt/Ptmin for operation in the various modes for all orbits
which we have considered (h = 2,000 km, h = 4,800 km, h, = 20,000 km,
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h = 36,000 km) and for the following values of the effective self-noise tem-
peratures TO: 50, 100, 300, 600, 1,500°%K. We plot the results of the calcu-

lations in figure I-43 (a-e) for active relay and in figure I-ik (a, b) for
passive relay. In the case of passive relay, for the indicated values of the
noise temperature the curves coincide in the scale of the figure.

We find xop and A\ for the various combinations of parameters and all

t

orbits (the range of quasi-optimal wavelengths A) is determined from the condi-
tion of power increase by a factor of 2) and present the results for the active
relay summarized in tables I-22 to I-25.

For the same orbits and the same values of TO as used in the cases con-

sidered for active relay, we find in all cases of passive relay transmission
of FM television or PTM telegraphy, A = 8 em, AA = 5 to 12.5 cm, and for /164
the transmission of telephony, A = 8 cm, AN = 5.5 to 17.k cm.

Let us carry out the calculation for the required minimal radiation power
of the onboard (in the case of active relay) and ground (in the case of pas-
sive relay) cransmitters Ptmin for various satellite flight altitudes and

various modes of modulation. Here we shall make the calculations in the case
of active relay for various values of accuracy of stabilization of the satel-
lite on the assumption that as the ground antenna (receiving in the case of
active relay, transmitting and receiving in the case of passive relay) there
is used an antenna of the '"parabolic mirror'" type with paraboloid aperture
diameter D2 = D21 = D22 = 20 m; in the case of passive relay we make the cal-

culations for various values of the effective scattering area of the satellite
SO' If the satellite is in the form of a sphere with metallized coating,

it is an isotropic radiator with scattering area S = an/h, where Do is the
sphere diameter.

The computed values of Ptmin are plotted in figure I-L45 for active relay
and figure I-46 for passive relay.

Knowing the minimal value of the required radiation power Ptmin of the on-
board and ground transmitters and using the graph of the relation Pt/Ptmin (»)
(figs. I-L43 and I-L4L), we can determine the required radiating power P, for

t

operation in any portion of the range of quasi-optimal wavelengths.
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TABLE I-22. CIRCULAR EQUATORIAL ORBIT WITH h = 2,000 km.

FM television PT™ telegraphy T telephony

Mode of operation e T T T -
with T, °x A, cm | Ax, em | A, cm | Ax, cm | A, cm | Ar, cm
50 15 6-47 15 6-4T 30 9-65

100 15 6-55 15 6-55 35 10-T7
300 15 6-76 15 6-T76 L2 11-104

600 16 6-94 16 6-94 50 12-125

1,500 17 | 6-122 17 6-122 60 13-160

TABLE I-23. CIRCULAR POLAR ORBIT WITH h = 4,800 km.

FM television | PTM telegraphy T™ telephony
Mode of operation - - ’ :
with T, °K A, cm [ Ar, cm | A, cm [AX, cm | A, cm | AX, cm
50 15 6-47 15 6-47 30 9-70
100 15 6-55 15 6-55 3% | 10-85
300 15 6-76 15 6-76 k2 | 11-110
600 15 6-9L 15 6-9L 50 | 12-133
1,500 15 6-122 15 6-122 60 13-172
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k, PTM telegraphy, h = 36,000 km.
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TABLE I-24. ELLIPTIC ORBIT INCLINED AT 65° WITH ha = 20,000 km.

FM television PTM telegraphy ™ telephony
Mode of operation - - ~e—

with TO’ °k A, em | Ax, em | A, em | AA, cm LA}, cm | AX, cm
50 15 6-4T7 15 6-47 27 10-67

100 15 6-55 15 6-55 35 11-80

300 15 6-76 15 6-76 L1 11-95

600 16 6-94 16 6-94 e 12-135
1,500 17 6-122 17 6-122 58 13-167

TABLE I-25. STATIONARY ORBIT WITH h = 36,000 km.

FM television | PTM telegraphy ™™ telephony

Mode of operation
with TO’ oK A,ocm | A), cm | A, cm | A, em | A, em | A), cm
50 15 6-47 15 6-L7 25 8-70
100 15 6-55 15 6-55 35 10-81
300 15 6-94 15 6-76 Lo 11-108
600 16 6-94 16 6-94 L8 11-125
1,500 17 6-122 17 6-122 55 12-153

6. Possibilities of Using AES as Active and
Passive Repeaters

The values of the required radiation power Pt’ obtained as a result of

the computation, still do not give a complete picture of whether it is advis-
able or not, possible or not, to use, at the present stage of the development of
rocket technology and electronics, articifial Earth satellites as relay sta-
tions for ground communication systems. The complete picture can be {165
obtained only by consideration of the entire problem as a whole.

We also must include in the consideration questions such as the compari-
son of the economic indices of the conventional long-range communication
systems using UHF (radio relay links, cable lines, ete.) and the systems under
discussion using relaying via AES, the possibilities of building equipments
capable of operating for long periods without human intervention under the
conditions of cosmic space (in the case of active relay), the possibilities of
SHF generating devices (particularly in the case of passive relay), the pos-
sibilities of extended-life power sources for the onboard equipment, the
possibilities of the realization of reliable systems for satellite orientation
in space, etc.

The majority of these questions have received inadequate coverage in the
literature and apparently require additionsl study.
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In the examples presented above, we obtained the values of the minimal
required satellite transmitter radiation power (active relay) and ground trans-
mitter power (passive relay) for various combinations of parameters of the radio
link (various modes of operation, differing values of the sensitivity of the
ground receiver) and various orbits. For the radiation of this power we re-
quire the corresponding SHF generating devices and sources of power for them.

It is obvious that if none of the SHF generating devices known at the
present time can supply the required value of P, , we can immediately conclude
that for the given combination of parameters of the radio link the relaying of
signals via AES is not possible. Such a situation can most frequently be ob-
served with passive relaying, since in this case the power consumption is par-
ticularly large. Therefore, we shall make an evaluation of the possibility of
the use of AES as passive radio repeaters, particularly from the point of view
of the capabilities of the SHF generating devices.

The relaying of signals via AES is also not possible, if the power of the
source of supply for the radio equipment 1s not adequate to provide the re-
quired radiation power P . This situation is most frequently encountered /166
with active relaying, since under the onboard conditions it is difficult to
provide a high-power supply with a long service life. Therefore, the evalua-
tion of the capabilities of the use of AES as active radio relay stations is
carried out from the point of view of the possibilities of building long-life
power supplies for the onboard equipment.

It is evident that it is not advisable to use AES as radio repeaters in
ground communication systems, if the economic expenditures on the creation of
the communication system using AES are significantly higher than on the im-
plementation of the conventional ground communication systems (cables, radio
relay lines) and the technical performance of the two systems is comparable.
Therefore, we shall now also consider certain economic aspects of the com-
munication systems using AES.

Active Relay. Themost important factor defining the power of the onboard
transmitter and, consequently, the power potential of the space radio commu-
nication link, is the source of supply for the onboard equipment. As the
result of the specific conditions of space operation, special demands are
made on the power supplies for the onboard equipment.

(1) small size;
(2) lightweight;
(3) long lifetime (on the order of a year).

The onboard power supplies used up till now--batteries and conventional
electric generators--do not satisfy these requirements. In this connection,
intensive search is being made for methods, which are new in prineciple, for
the conversion of various forms of energy into electrical power; work is also
being done on the improvement of the existing types of sources of electric
energy (refs. 73, 125 and 123).
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The principal primary sources of energy for autonomous power sources are
chemical, atomic and solar energy. These forms of energy can be converted to
electrical energy, either directly or by means of preliminary conversion into
heat, which is then converted to electric power. Figure I-47 shows the basic

methods of conversion of chemical, atomic and solar energy into electric. {167

The most widely used converts of chemical energy into electrical--galvanic
batteries and storage batteries--although they do continue to find wide appli-
cation in rocket equipment, guided missiles and satellites as the result of
the high specific power (ratio of power delivered to unit weight) and the
capability of providing high current pulses for short periods of time, do have
the serious drawback that they have low specific energy (energy supply per
unit weight) and therefore with increase of the duration of usage their weight

goes up sharply (refs. 67 and 125).

The most advanced of this type at the present time are the silver-zinec
storage batteries.

Recent years have seen the intensive development of a new type of con-
verter of chemical energy into electrical--the chemical fuel cell. In this
case we first have the combustion of hydrogen in oxygen or the combustion /168
of industrial fuel gas in an air atmosphere; the heat released in these reac-
tions is used in various ways. In some devices a difference of potentials
appears directly during the combustion process. In other devices the heat
released as the result of the chemical reaction is converted into electric
energy by means of the Seebeck thermoelectric effect or by the thermionic

emission effect.

The basic advantage of the chemical fuel elements is that they have con-
siderably higher specific energy than the batteries and accumulators.

Since both atomic and solar energy, just as chemical energy, can also
easily be converted into heat, attention is being devoted to the creation of
new means of converting thermal energy into electric energy and to the im-
provement of the existing converters.

The conversion of heat into electricity can be accomplished with the aid
of dynamic systems, i.e., the usual turbogenerators and the developmental
magnetohydrodynamic generators, based on the use of the properties of plasma,

or with the aid of static systems, based on the use of thermoelectric, thermionic

and ferroelectric phenomena.

The electric current in the magnetohydrodynamic generator arises as the
result of the energy of the moving gaseous plasma, heated to high temperature
(several thousand degrees), which in its movement cuts the lines of force of a
magnetic field (ref. 68). This process is similar to that of the induction of
an emf in a conductor moving in a magnetic field. In the case of the magneto-
hydrodynamic generator, the role of the conductor is played by the ionized gas
and, consequently, there are no moving parts in this generator. As a result,
this generator will have outstanding reliability. On the basis of theoretical
calculations, its efficiency is L0-50 percent (ref. 69).
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Figure I-L47. Methods of converting various forms of
energy into electrical energy.

Preliminary studies have also shown that the systems utilizing the mag-
netohydrodynamic principles can be 25 percent more efficient than the existing
high-power thermal electric stations and, at the same time, considerably simpler
in construction. The highest power obtained to date is 12 kW (ref. 70). /169
The thermoelectric generator consists of a series of elements, each of which is
fabricated from a pair of dissimilar semiconductor materials. One Junction
between the dissimilar elements is heated, while the other is cooled. The
electricity is generated directly as the result of the temperature difference
between the hot and cold Jjunctions in accordance with the Seebeck effect.

This effect has been known for a long time, but generators based on this prin-
ciple have not been used because of the low efficiency (about 1 percent). The
situation changed with the appearance of the semiconductor elements. Compu-
tations show that the theoretical efficiency of the thermoelectric generators
using semiconductors can reach 35 percent. According to reference 69, firms

in the U.S. have already developed thermoelectric generators with an efficiency
of about 10 percent with differing power output (the highest power of 500 W is
that of the Westinghouse ceramic thermoelectric generator, the efficiency is

10 percent).

The generators based on the principle of thermionic emission generate
electric current directly by means of the emission of electrons from a heated
cathode, which are then collected by the cooled cathode. The operation of
the thermionic converter is similar to the operation of the vacuum tube diode
used in electronics, with the exception that no voltage is applied to the
?lectrod§s. The theoretical efficiency of the thermionic devices is 65 percent

ref. T1).

Of particular interest is the application in space of the thermionic con-
verters with atomic reactors. One of the possible spplications is the location
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of the ionic energy converter inside of the reactor. In this case the surface
of each reactor fuel element will serve as the surface of a thermionic conver-
ter emitting electrons, and the anode will be coocled by the reactor coolant

(ref. 72).

The following data give some idea of the operating characteristics of the
thermionic converter: (1) the minimal temperature of the cathode which can be
used for the gas-filled or vacuum converters is 1,700°K and 1, 300YK, re- /170
spectively; (2) to minimize the specific area of the radiator surface the anode
temperature must be 75 percent of the cathode temperature; (3) the converter
power presently obtainable in the laboratory is 1-10 w/cm2 of cathode aresg with
an efficiency of 5-10 percent. Thus, with a cathode area of 1 m2 it is pos-
sible to get a power of the order of 100 kW.

The U.S. firms RCA £nd Thiokol have developed an experimental version of a
thermionic converter designed for installation in the exhaust duct of a Jet
engine operating with solid fuel. The converter consists of two coaxial cylin-
ders 300 mm long end 44 mm in diameter. The cathode is the inner molybdenum
cylinder, equipped with a tantalum sleeve to increase the emission, and heated
by the exhaust gases passing through it. The anode is the outer copper cylinder,
covered with nickel. The distance between the cylinders is about 1 mm. This
space is filled with cesium vapors, which neutralize the space charge by ioni-
zation of the cesium atoms with impact on the surface of the heated cathode.

The conversion coefficient of the versions developed is 8 percent at a
temperature of 2,473°K. The power developed is 270 W, the weight is 1.5 kg

(ref. 72).

The primary advantages of the thermionic converter are the absence of
large rotating mechanisms and the possibility of removal of the waste heat
directly from the surface of the anode.

The generators using chemical fuel elements are electrochemical devices
in which the chemical energy is converted directly into electric energy. The
operation of the fuel element is based on an effect which is the reverse of
electrolysis of water. In electrolysis of water, when the electric current
passes through the water, the water molecules dissociate into hydrogen and
oxygen; in the reverse process, when hydrogen and oxygen are combined, a flux
of electrically charged particles occurs in the electrolyte, and these par-
ticles form the electric current in the external circuit. The theoretical
efficiency of such elements reaches 60-70 percent. The combining of individual
elements into a battery makes it possible to obtain a value of the voltage
which is acceptable for operational use (24 V, for example) and ade- /171
quately high power, to 10 kW (ref. 69).

However, both atomic and solar energy can also be converted directly
into electric energy without the intermediate stage of conversion to thermal

energy.

Several methods have been proposed for the direct conversion of atomic
energy into electrical energy with the use of the energy of radiocactive emission
of the isotopes, based on the use of:
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direct charging;

ionization of a gas;

charge carriers in semiconductor junctions;

intermediate conversion of the energy of the radiocactive radiation

into light energy.

NSNS
=w =
e N et e

The conversion of the energy of the radiocactive radiation of the isotopes
by means of direect charging is possible only with the use of o- and B-radiation,
ions and other charged particles.

In the nuclear batteries of this type the electrons, emerging with high
velocity from the radiocactive isotope, penetrate the insulating space and are
gathered on the external conducting electrode, which becomes negatively charged.
The battery has the disadvantage that it provides only small currents, since
the devices based on the direcet charge method have high internal resistance;
this disadvantage can be overcome only by use of large quantities of radio-
active material, which is hardly possible in view of its high cost.

In batteries utilizing the contact potential difference, the radioactive
radistion ionizes a gas contained in the space between two dissimilar metallic
electrodes. The ions and electrons formed are directed to the oppositely
charged electrodes, connected through the external circuit.

The atomic batteries based on this principle also give small currents,
and therefore the possibilities of their application are the same as for the
direct-charge batteries.

In batteries using semiconductor Jjunctions, the radioactive source ir-
radiates a p-n Jjunction made from silicon or germanium. Under the influence
of the radiation, charge carriers appear in the semiconductor junction; these
carriers are then separated by the field of the semiconductor Jjunction. /172

In the batteries based on the use of the semiconductors, use can be made
of radiation in the form of the charged particles (B-particles) and also the
vY-radiation. With the use of silicon, we can obtain a voltage as high as half
a volt at the output. The highest efficiency achievable is on the order of 3
percent (ref. T1).

The intermediate conversion of the energy of the radiocactive isotopes into
light energy using photocontact devices makes it possible to avoid the direct
action of the radioactive emission on the semiconductor Jjunction and prevent
damage to the junction.

Table I-26 presents some characteristics of the atomic batteries of all
the types mentioned above, which have been developed by various U.S. firms
(ref. 71).

Analysis of the table data shows that the power output of the bat- /173
teries is exceptionally low (about 1 uW). The cost of the radiocactive mate-
rials is high. From the estimate of the U.S. specialists, 1 kW-hr of power from
atomic batteries costs about 14,000 dollars, while the cost of using conventional
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TABLE I-26

Principle of operation of battery

Contact
Battery Direct charge potential Semiconductor Photo-

characteristic difference contact effect

Radiocactive . Strontium-90, Strontium-90,

material Strontium-90 hydrogen-3 krypton-85 | Hydrogen-3 Strontium-90 | Promethium
Half-life,

years 25 12 10 12 25 2.6
Radioactivity, 1.5

curies 10-1073 1 1 per cell 5.1073 .5
Size, cm3 16.4 16.4 2 16.4 - 17.8
Weight, g 187 30 435 16.6 - '18.6
Current A 10-12 16.10-10 1079 10-10 5.10-6 -
Voltage, kV 1k 1 1 0.1 0.2V 0.25-1 V

e R ﬁ



methods is about 1 cent per kW-hr. In addition, there are considerable diffi-
culties in shielding the instruments themselves from the radiation (the semi-
conductors, in particular). Therefore many U.S. specialists consider that bat-
teries based on the direct conversion of atomic energy into electrical energy
are not promising for use as power supplies for the onboard equipment.

The most widely used method of conversion of solar energy into electrical is
the photoelectric method, based on the use of semiconductor p-n and n-p junc-
tions in the so-called solar cells. The cell consists of two silicon layers of
p and n type placed one over the other and forming a p-n junction, in which the
conversion of radiant energy into electrical energy takes place (ref. T73).

The theoretical efficiency of the silicon solar elements is about 23 percent.
However, a maximal figure of 15 percent is achieved at the present time (Hoffman
Electronic Corp., ref. T4).

The typical silicon solar cells mass produced in 1959 had the following
parameters (ref. 75):

(1) cell size 0.5 X 1 cm, 0.5 X 2 cm, and 1 X 2 cm;
(2) voltage developed 350-L0O0 mV;

(3) eff. 8-10 percent;

(4) specific power 90 W/kg.

The power which can be taken from a panel of solar cells with a given aresa
S depends on the magnitude of the radiant energy flux of the Sun incident on

the given panel of cells. The Sun radiates 1,000 W per 1 m? at the surface of
Earth. Outside Earth's atmosphere in the direct vicinity of Earth, the inten-
sity of the Sun's radiation reaches a value of 1,400 W/m2.

Thus, at the surface of Earth a solar battery cell with an efficiency of 10
percent will yield about 10 mW/cm2. With a panel area S = 1 m2 = 104 cm2, a
power PO = 100 W can be obtained.

Studies are being made of the possibilities of increasing the quantity Zl7h
of solar energy per unit area by the use of mirrors--solar energy concentrators.
This increases the cell temperature. However, with increase of the temperature,
the efficiency of the solar cells decreases by about 0.6 percent for each degree
centigrade (ref. 76). In spite of this, the efficiency of the entire installa-
tion can be greater than with the conventional panels of solar cells.

One of the serious problems associated with the solar elements which must be
solved is that of destruction of the cells by radiation. At the present time
scientists are analyzing new technology for forming the jJunction, in order to
find a way to insure improved resistance of the solar cells to high radiation
dosages.
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The solar batteries have found wide application on board AES, where they are
frequently used as the primary power supply sources for the electronic equip-
ment. In these cases the storage batteries installed on board the satellites
serve only as accumulators of the electric energy developed by the solar bat-
teries. The combined use of solar batteries and storage batteries provides
power to the equipment during passage of the satellite through Earth's shadow
or to use the storage batteries in s pulse mode, obtaining high power from

them for short periods of time.

An example of such usage is the U.S. Pioneer V solar satellite, on whose four
specially designed paddles were mounted 4,800 silicon solar cells intended for
supply of power to the 5 and 150 W transmitters (ref. T7).

In spite of certain advantages of the solar batteries, they cannot be con-
sidered the most promising power source for the onboard equipment in all cases.
Actually, at quite large distances from the Sun the flux of radiant energy
of the Sun is small, and the power obtainable from the solar batteries will not
be sufficient for supplying the transmitter (all the more so, since the dis-
tance from Earth will be great and the power requirements will increase).

The consideration given here to the methods of obtaining electric /175
power permits us to draw the conclusions:

1. Most promising for space conditions are the power sources in which
nuclear energy is the primary source. Here it is advisable first to convert
the nuclear energy into thermal energy, and then, using either thermionic,
thermoelectric or magnetohydrodynamic energy converters, to convert the thermal
energy into electrical (refs. 125, 123 and 122).

Of course, we must keep in mind that this form of power supply, too, has
certain serious drawbacks, which hinder its application on space vehicles.
In particular, a major deficiency is the fact that the nuclear processes are
continuous; the nuclear battery cannot be turned off. In addition, the nuclear
power sources emit corpuscular and thermal radiation requiring reliable shield-
ing. The removal of waste heat under conditions of space flight may turn out

to be another difficult problem. ;

2. At the present stage of development the onfy long-life power source for
the spacecraft onboard equlipment are the solar cells in combination with stor-

age batteries (ref. 125).

Therefore, in the analysis of the possibilities of the use of AES as active
repeater stations in ground communication systems, from the point of view of
the capabilities of the long-life power sources for the onboard equipment, we
shall assume that solar cells in combination with storage batteries are used

as the power source (refs. 122, 123, 125, 73 and 103).

The possibility of use of the AES as an active repeater stgtion from the
point of view of the capabilities of the power supply for the onboard equip-
ment (solar cells) is determined by comparing the dc power P, required for
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the given combination of parameters of the radio link with the power P'O on

board: with a given combination of parameters of the radio link (receiver
sensitivity, diameter of receiving antenna, modulation mode) ground-to-ground
transmission via AES is possible if P'O > PO.

If the onboard power supply source consists of batteries of solar cells with
a given value of the power obtainsble per unit area, the magnitude of P'O {176
is determined by the area S of the solar cell panel.

The maximal value of S is determined by the capabilities of booster tech-
nology and at its present state can hardly be taken greater than 5-10 m?. With
use of solar cells with conversion efficiency of 10 percent and orientation of
the panel toward the Sun, this area can deliver a power of about 1,L00 W (in
the vicinity of Earth). In the further estimates we shall assume this value,
remembering, however, that this value is only a rough guess.

In the determination of the required dec power PO from the given radiation
power of the onboard transmitter P, we must determine the power consumption
in the individual elements of the repeater. Thus, we must know the block
diagram of the repeater. Three such versions have been discussed in the
literature (ref. 15).

(a) Block diagram with signal demodulation (fig. I-48a),
where

M, LO. are the mixer and the local oscillator;

1
TFA is the IF amplifier;
D is the detector;
LFF is the ILF filter;
LFA is the LF amplifier;
M is the modulator which modulates the HF oscillator LO,.

It is indicated that this version of the block diagram is to be used in the
retransmission of pulse signals, and also in those cases when 1t is necessary
to alter the mode of modulation of the information on the downlink.

Thus, this particular version of the repeater block diagram can be used for

the relay of telegraph information with pulse-time keying (single-chanuel
operation).
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(b) Block diagram without signal demodulation with IF amplifier (fig.
I-48b), in which

Mi, LOl are the mixer and local oscillator;

IFA is the IF amplifier;

M2, LO2 are the second mixer and second local oscillator;

HFA is the HF amplifier.

It is indicated that this version of the relay block diagram is (177
optimal for the relaying of signals with an overall spectrum width no greater
than tens of megacycles. In this case the IF amplifier can be transistorized
to reduce its weight, size and power consumption.

We can conclude that this type of repeater is suitable for the relaying
of single-channel and multichannel FM telephony, and also single-channel rela-
tively narrow-band FM television (with RF bandwidth occupying tens of Mc).

/178

(c) Block diagram without signal demodulation with HF amplifier (fig.

I-48c) where

HFAl, ..., HFA are HF amplifier stages;
n

0 is a shift oscillator to decouple the input.

This version of the repeater block diagram should be used in the case
when a repeater passband of hundreds or thousands of Mc is required. In this
case a series of traveling wave tubes can be used as the HF amplifiers HFAl, ey

HFA,. This type of retransmitter can be used for the relay of single-channel

and multichannel wide-band television.

In all these versions of the repeater block diagrams the primary power
consumers are the output stages: the HF oscillator in case a, the HF amplifier
in b and c¢ (preferably traveling wave tubes). The power required by these
stages can be determined, if we know the power (dc) supplied P, and the stage
efficiency M

_ Pt
PO——'T-']_.

With operation in the 2,000 Mcps band and below, the efficiency of the
oscillator and amplifier devices in use at the present time (klystrons, ™WT,
triodes) is about 10 percent. Assuming the margin coefficient for losses in
the antenna feed circuit of the transmitter as 2, we find that to obtain the
specified value of the radiation power of the onboard transmitter P the power
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Figure I-48. a, Block diagram of repeater with signal
demodulation; b, block diagram of repeater without
signal demodulation with IF amplifier; c, block
diagram of repeater without signal demodulation with

HF amplifier.

supplied to the transmitter (dc) must be Pofw 20-P, (roughly). Since P’y ~
max

1,400 W, then P o ™ 70 W (on the order of 50-100 W).

Let us evaluate the possibilities of the use of AES as radio relays for
various cases (differing orbits, different modes of modulation), assuming

P = 70 W.
tmax 7

I. Circular Equatorial Orbit with h = 2,000 km. In the case of /179
relay of FM television signals with Nm = th, NO = 16, F = 9L Meps, Dy = 20 m,

v = + 10°, vgeg = 1o-h, Ty = 509K (no tracking filter in the ground receiver),

there is a power margin of T7.4. If this margin is entirely used to reduce the
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diameter of the ground antenna D2, a ground antenna with a diameter of about

8 m is adequate, other conditions remaining the same. If a tracking filter is
used in the ground receiver, there is an additional power margin of about L.
This leads to still greater simplification of the ground radio equipment--the
satellite can be used for relaying of single-channel television (or multi-

channel telephony) with Nb =2, N, = 10”, even in the case with D, = 8 m,
T, = 3009K (y = + 10°).
In the case of relay of FM telephony signals with N, = th, F = 67 keps,

D2 =20 m, vy = * lOo, T = 50°%K (no tracking filter in the ground receiver),

0
there is a power margin of 2,100. If the number of independent channels is
10, there remains a power margin of 210. The use of this margin permits re-
duction of the ground antenna to Dy = 1.4 m. The use of a tracking filter

simplifies the ground equipment sufficiently, so that the use of the AES for
the maintenance of telephonic communication between small moving vehicles--
ships, aircraft, etc., becomes possible. This conclusion is even more valid
in the case of relaying of telegraphic signals.

II. Circular Polar Orbit with h = 4,800 km. In this case certain power
margins are again available. They can be used just as in the preceding case.

With the relay of television signals with NO = 16, F = 94 Mcps, Dy, = 20 m,
v = + 10°, TO = 50°K (no tracking filter), there is a power margin of L.3. If

this margin is entirely used for the reduction of the diameter of the ground
antenna D2, D2 = 10.2 m is adequate. If a tracking filter is used in the
ground receiver, the satellite can be used for the relay of single—channel{lBO

L

television (or multichannel telephony) with N = 10", v = + lOO, even in the
m

case Dy = 10 m, T, = 300%K.
With the relaying of telephonic signals with NO = 16, F = 67 kcps,

D,=20m, y==% 10°, Ty = 50%K (no tracking filter in the ground receiver),
the power margin is 1,100. If the number of independent channels is taken as
10, the remaining power margin of 110 permits reducing the diameter of the
ground antenna to 2 m. With a tracking filter the ground equipment, just as in
the preceding case, is simplified so that the AES can also be used for the
maintenance of telephonic communication (or multichannel telegraphy) between
moving vehicles. In the case of PIM telegraphy, where the power margin is still
larger, the requirements on the ground receiving equipment are still further
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relaxed, and with a ground antenna diameter D2 = 1 m we can use at the receiver

input a crystal mixer with internal noise temperature TO = 1,5OOOK (y = £ 109).

ITI. Elliptic Orbit Tnclined at 65° with ha = 20,000 km. In the case of
relay of television signals with N, = 16, F = 94 Meps, Dy = 20 m, v = * 10°,

Ty = 50°K (no tracking filter) there is practically no power margin. Reduction

of the diameter of the ground antenna (reduction of cost of the ground radio
equipment) can be achieved, if we increase the accuracy of the orientation of
the satellite to the center of Earth to v = + 5°. With v = + 5° and other
conditions the same, D2 = 12 m is sufficient.

The use of a tracking filter reduces the requirements on the ground and
onboard equipment--communications are possible with vy = £+ 10°, T0 = 300°K,
Dy =15m
5 .

In the case of relay of telephonic signals with NO = 16, F = 67 kecps,

Ty = 50%K, v = + 10° (no tracking filter), the power margin is 670. With 10

independent channels, a ground antenna diameter D2 = 2.5 m is sufficient, other

conditions being the same. The use of a tracking filter increases the power

margin, and with 10 independent channels communication is possible if {l8l
vy = £ 10°, Do =2m, Ty = 6OOOK, i.e., telephonic communication between moving

vehicles can also be maintained.

In the case of PTM telegraphy with 10 independent channels, communica-
tion can be maintained with y = + 1009, D2 = 1.0 mnm, TO = 1,500°K.

IV. Stationary Orbit with h = 36,000 km. In the case TO = 50°K, D2 = 20 m

(no tracking filter) relaying of television signals (F = 9L Mcps, Ny = 16) is
possible only with an accuracy of orientation of the satellite to the center of
Earth v = + 5°, in contrast with the cases considered sbove, when an accuracy
of orientation v = + 10° was adequate. The use of a tracking filter in the

ground receiver increases the power margin by about a factor of 4 and communi-
cation becomes possible with v = £ 100, TO = 300°K, Dy, = 20 m.

In the case of relaying of telephonic signals with N; = 16, F = 67 kcps,
T, = 509K, y = + 10° (no tracking filter), the power margin is 410, and with

10 independent channels it is adequate to have a ground antenna with Dy = 3.0

m. With the use of a tracking filter commmication is possible with y = + lOO,
Dy = 4.0 m, Ty = 600°K.
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In the case of PTM telegraphy with 10 independent channels, communication
can be maintained between correspondents with y = + 10°, D, =1.5m, T =
1,500°K 2 0

s .

This analysis permits the following conclusions. The use of AES as active
relays in ground communication systems (relay of television, telephony, teleg-
raphy) is a completely solvable problem even at today's stage of development of
the technology of the construction of large ground-based antennas, sensitive
recelving equipment and long-life power sources for the onboard equipment,
under the condition that the satellite transmitting antenna is directed toward
the center of Earth (refs. 12 and 125). Here the degree of orientation depends
on the satellite flight altitude h. For relatively low satellite flight alti-
tudes {on the order of 2,000-5,000 km) it is sufficient to stabilize the 4182
position of the vertical axis of the satellite relative to the direction to the
center of Earth with an accuracy of the order of several tens of degrees. With
increase of the satellite flight altitude to h = 20,000 km, the required orien-
tation accuracy increases, v must be on the order of 10°. 1In the case of the
stationary satellite (h = 36,000 km) it is desirable to stabilize the position
of the satellite vertical axis with an accuracy of the order of 5°, since the
power requirements rise sharply with large values of vy. According to reference
78, this accuracy can be provided by gravitational stabilization without requir-
ing expenditure of power (passive stabilization system).

Passive Relaying. The possibility of the use of AES as passive relay
stations from the point of view of the capabilities of the microwave generat-
ing devices is determined by means of comparison of the radiation power Pt

required with a given combination of parameters of the radio link with the
maximal possible transmitter radiation power Py'. This is completely defined

by the capabilities of the generating device, since the capabilities of the
sources of dc power are practically unlimited in this case.

Reference 79 discusses the present situation and describes the tenden-
cies in the development of microwave amplifying and generating devices.

Analysis of the data presented in this reference shows that the klystron
generators have the highest output power in the continuous and pulse regimes.
The maximal values of the output power obtained today on the commercial versions
of the pulsed klystrons is 20 nW at a wavelength A = 8 cm, and 15 kW on the
continuous operation klystrons (at the same wavelength).

I. Circular Equatorial Orbit with h = 2,000 km

(a) FM television with NO = 16, F = 94 Meps, Dyy = D,, = 20 m. Compari-
son of the values of Pt and Pt' shows that without a tracking filter in the 4183
receiver passive relaying of high-quality television signals via AES with a

flight altitude h = 2,000 km is not possible, even with the use of high-
sensitivity receiving equipment (molecular amplifier with TO = 509K), large
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receiving and transmitting antennas (D =D = 20 m) and gigantic dimensions
21 22

of the relay station (DO = 40O m).

With the use of a tracking filter there 1is a gain in the power of the radio
link of about a factor of L, and passive relaying of high-quality television
signals with the parameters indicated above for the radio link becomes posslble
with four klystrons used in parallel.

(b) FM telephony with N

= 16, F, = 67 keps, Dy = D, = 20 m. Compari-

0 0 22
son of the values of Py P't shows that passive relaying of high-quality tele-

phonic signals via AES is possible even without the use of a tracking filter
in the receiver, and with certain combinations of parameters of the radio link
there are power margins which meke it possible to relax the requirements on
the ground recelving-transmitting equipment, thereby improving the economic
indices of the communication system in question.

SOOK communication is possible with the use

Thus, with D, = 400 m, T

0 0

of antennas with diameters D21 = D22 = 18 m at the transmitting and receiving

terminals. By parallel connection of klystrons we can increase the maximal
radiation power P'y, and achieve either still more reduction of the diameter

of the ground antenna or reduction of the size of the repeater.

With use of a tracking filter in the receiver, the requirements on the
receiving-transmitting equipment are relaxed still further, and communication
becomes possible in the case DO = L4OO m, TO = 509K with the use of antennas

with diameter D21 = D22 = 11 m at both ends.

(¢c) PTM telegraphy with Nm

22.5, Fm = 1 kcps, = D21 = 20 m. Passive

Doo
relaying of telegraphic signals via AES with h = 2,000 km is not only possible,
but there are even considerable power margins. With Dy = 400 m, Ty = /18l

509K, D21 =D = 20 m and the use of a klystron with output power of 20 mW as

22

the generator, the power margin is 1.3-103. If this margin is wholly used for
the reduction of the antenna diameters, we find that telegraphic communication
is possible even with Dy = D22 = 2.0 m.

II. Polar Circular Orbit with h = 4,800 km
(a) FM television with Ny = 16, Fo = 94 Mcps, Dyy = Dpo = 20 m. Compari-
son of the values of Py and P't shows that the relaying of high-quality
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television signals is not possible with any realistically achievable combina-
tions of parameters of the radio link.

(b) FM telephony with Ny = 16, Fy = 3 keps, N_ = 10%, Dy = Dy, = 20 m.
Without a tracking filter, passive relaying of telephonic signals via AES with

h = 4,800 km is possible only under the condition of the use of high-sensitivity
receiving equipment and large transmitting and receiving antennas with DO = L0OO

m, Dyy = Dy = 20 m, Ty = 50°K. The use of a tracking filter in the recéiver

reduces the diameters of both antennas to D2l =D =14 m (other conditions
remaining the same). 22

(¢c) PTM telegraphy with N = 22.5, F, =1 keps, Dy = D22 = 20 m. Com-

parison of Pt and Pt‘ shows that passive relaying of telegraphic messages via

AES with h = 4,800 km is possible, and with certain combinations of parameters
of the radio link there are power margins.

Assuming that a pulsed klystron with output power of 20 mW 1s used as the
generator and that T, = 50°K, Dy = LOO m, Dyy = D,, = 20 m, we find that the

power margin is 1.7-102. If this margin is fully used for the reduction of
the diameters on both ends, telegraphic communication is possible with Doy =

D,, = 5.5 m {other conditions being constant).

22
TII. Elliptic Orbit Inclined at 65° with h = 20,000 km /185
R . _ _ _ L _ _
(a) FM television with N, = 16, Fy = 94 Meps, N = 10%, D, = D,, = 20 m.
Comparison of the values of Py P'JG shows that in this case passive relaying of

the television signals is not possible with any realistically achievable com-
binations of parameters of the radio link.

(p) FM telephony with N, = 16, F = 67 keps. Comparison of the values of
P, and P', shows that without a *racking filter passive relaying of telephonic

t t

gignals is possible only with large receiving and transmitting antennas and a
high-sensitivity receiver. For example, with TO = 509K, DO = 400 m, the

diameter of the ground antenna must be D21 = D22 = Th m. With a tracking filter

in the receiver the diliameters of the antennas at both ends can be reduced to

D21 = D22 = 53 m (other conditions being the same). Reduction of the ground
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antennas to D:l = D22 = 30 m can be achieved by parallel connection of 10

klystrons.
(¢) PTM telegraphy with Nm = 22.5, Fm = 1 keps. Comparison of Pt and

P't shows that in this case passive relaying of the telegraphic signals is quite
possible, and that with certain combinations of parameters of the radio link
there are power margins.

If a pulsed klystron with output power of 20 nW is used as the generator
and TO = SOOK, Do = L4OO m, we find that we must use antennas with diameters

D21 = D22 = 12 m at both terminals.

IV. Stationary Orbit with h = 36,000 km

(a) FM television with N, = 16, F_ = 94 Mcps, N, = 10”. Comparison of the

0 0

values of Pt and P'JG shows that passive relaying of television information in

this case is not possible with any realistic combinations of parameters of
the radio link.

(b) FM telephony with NO = 16, Fo = 67 kecps, N = 10%. Comparison of P,

and P't shows that passive relaying of telephonic signals without a track- 4186

ing filter is possible only with large receiving and transmitting antennas and
the use of receivers with high sensitivity. For example, with TO = SOOK,

D. = 400 m, the diameter of the antennas must be D21 =D =115 m. The use

0 22
of a tracking filter reduces the power consumption of the radio link by about
a factor of 4, which, with other conditions remaining the same, permits a
reduction of the diameter of both antennas to 82 m. Parallel connection of 10
klystrons makes it possible to reduce D21 and D22 to 45 m.

(¢c) PTM with telegraphy Nﬁ = 22.5, Fm = 1 keps. Comparison of the values

of Pt and P't shows that passive relaying of telegraphic signals in this case

is possible, but with the use of large receiving-transmitting antennas and huge
dimensions of the repeater. For example, with DO = 40O m, TO = 509 and use of

a pulsed klystron with output power of 20 mW as the generator, it is necessary
to have antennas (at both ends) with D21 = D22 = 20 m.

This analysis permits us to conclude that the use of AES as passive re-
peaters in global and local ground communication systems is a resolvable problem
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at the current stage of the development of the technology of the construction
of large antennas and powerful generating devices only in the case of the
relaying of relatively narrow-band signals (telephony, multichannel and single-
channel telegraphy) and with the use of low-flying satellites (with h = 2,000
km, 4,800 km) in contrast with active relaying, where it is already possible

at the present to relay broad-band signals (television, multichannel teléphony)

(refs. 121, 125, 115 and 116).

This circumstance is undoubtedly a major drawback of the communication
gystems using passive relaying. However, the communication systems using pas-
sive relaying do have several advantages, which will be discussed below.

Reduction of the power consumption in radio links with passive relaying
of the signals via AES can be achieved by means of the use of reflectors of
special shape, which concentrate the radiation in the solid angle from the
satellite subtended by Earth. The gain is particularly large in the case f187
of high altitude orbits. For example, in the case hy = 20,000 km the maximal
gain is a factor of 66.5, in the case h = 36,000 km the maximal gain is a factor
of 162. Thus, the use of reflectors of special shape, oriented toward Earth,
makes it possible to use even the stationary satellites for the relaying of
relatively narrow-band signals. With DO = 400 m, TO = 5OOK, antennas with

diameters Doy = D22 = 32 m are needed for the relaying of telephonic signals
using a stationary satellite. With the use of a tracking filter, D2l = D22 =

20 m antennas are required.

Economic Aspects of Communication Systems Using Artificial Earth Satel-
lites. 1In the course of the development of the basic technical principles of
the design of communication systems using AES, along with numerous problems,
there stand out the questions of the technological and economic effectiveness
of these systems, the evaluation of their cost, and the selection of the
optimal parameters from the point of view of the lowest costs in the construc-
tion and operation of the new communication systems.

In the analysis of these gquestions we must take account of all factors
which influence the economics of the communication systems using AES. The
system designer must make preliminary estimates of all initial data, for
example, the communication mode, duration, number of chaunels, location of the
ground equipment, climatic conditions, service life of equipment, expected
transmitter power and receiver sensitivity on board the satellite. The last
two factors affect directly the size and cost of the ground antenna structures,
transmitters and receivers. Low power of the satellite transmitter requires
large antenna structures on the ground. And the antenna cost is closely re-
lated with its dimensions, increasing in proportion to the square of the

antenna diameter.

All elements of the system are closely interrelated. The cost of the
ground facilities is quite dependent on the satellite repeater mode selected
(active or passive). The choice of orbit and the number of satellites affects
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the design of the satellite itself. For example, the higher the altitude /188
of the orbit, the larger the nominal power requirement of the satellite trans-
mitter, consequently the higher the satellite weight. The total weight of the
satellite launched into orbit determines the size and number of stages of the
booster; the size of the booster may influence the launching method, etc.

Consequently, the selection of the economicallv optimal version of the
design of a communications system using AES is associated with the consideration
of a large number of variants of the system design, with the study of the degree
of influence of a large number of factors, and is a most complex problem with
many variables. Its resolution requires good technical knowledge, working out
the methodological questions of the solution, finding the functional inter-
relation between the technical and economic parameters of the system and
accumulation of the necessary statistical material from experimental operation
of similar systems. Unfortunately, at the present time we lack adequately
substantiated information on such important questions, for example, as the
lifetime of the various satellites, how the launch cost varies as a function
of the type and weight of the satellite, the probability of successful satel-
lite launch, the actual handling capacity of communication systems using AES,
etc. Therefore, in all the known studies to date on this subject consideration
is usually given only to the economic indices of individual versions of the
system design using AES. These are compared with one another and with the
familiar ground communications facilities, and first attempts are made at
economic optimization of certain components and portions of the satellite com-
munication systems. However, even this study is of certain value, since it
permits estimation of the order of magnitude of the costs of the construc-
tion of the satellite communication system, comparing this with the costs of
construction of the conventional ground communication systems.

Previously, we introduced as an example the version of g global communi-
cation system using three equidistant stationary satellites. It i1s of interest
to consider the economic aspects of the implementation of this system.

To do this we shall make use of the results of reference 80. Here /189
a satellite communication system is considered which includes a single com-
munications satellite in a 24-hour equatorial orbit (stationary satellite)
over the Atlantic Ocean with a handling capacity of 4,800 duplex telephone
channels. The system includes seven pairs of ground stations: New York -
London, New York - Bonn, New York - Paris, New York - Rome, Washington -
London, Chicago - London, and Miami - Rio de Janeiro. Three such satellites
are required for worldwide communications, but the average cost of a single
communications channel (selected by the author as a basis for comparison) will
not differ significantly. Comparison of the economic indices of the communi-
cations system using stationary satellites is made with the economic indices
of the underwater cables and radio-relay lines. The cost of the cable is
taken on the basis of the data of the American Telephone and Telegraph Corpo-
ration on a new type of cable, which costs less by about & factor of 9 than
existing types.

Interest on capital invested is taken as 8 percent, and the lifetime of
the ground equipment is taken as 15 years. The comparison of the indicated

159



S b

communications systems is made on the basis of yearly costs of a duplex channel,
indirectly taking account of the magnitude of the initial capital expenditures.

Figure I-49 shows the economic indices of the communications systems com-
pared, showing yearly costs on the telephone channel with full utilization of
the handling capacity of this communication system. The economic indices of
the satellite communications systems are presented for varying satellite life-
times T and for various probabilities of successful launch of the satellites
P (P = 0.5 to 0.9). The economic indices of the submarine cables and the radio
relay lines are given as a function of the line length.

We can see that with full utilization of the handling capacity of the
communication systems even with very pessimistic assumptions relative to the
average lifetime of the satellites, the probability of their successful launch
and the costs, the creation of transoceanic communication systems using AES
is more economical than the laying of submarine cable even over relatively
short distances. 1In the case of the use of satellite communication sys- /190
tems in regions where the major portion of the territory is land, they can
compete with the conventional ground communication systems (radio-relay lines
in the present case) only with the most optimistic assumptions (long satellite
lifetimes, nearly unity launch probability, very long radio links).

At the present moment it is difficult to imagine that the capacity of the
communication system via AES will immediately be fully utilized. It is
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realistic to assume that the handling capacity of the satellite communication
system will increase gradually. Calculations were made of the economic indices
of satellite and conventional communicatiorn systems on the assumption that the
initial capacity of the communication system, using a stationary satellite,
will be 600 channels, and that in the course of 15 years it will increase /191
to the maximal value of 4,800 channels with an average yearly growth of 15 per-
cent. The results of the calculations are shown in figure I-50. We see that
the yearly costs per telephone channel with an average satellite lifetime of
one year and a successful launch probability of 0.75 is equal to 27,500 dollars,
which is considerably higher than the cost with full utilization of the capa-
eity (10,000 dollars). Thus, the degree of utilization of the satellite com-
munication system capacity is a very important factor in determining the
economic advisability of the building of such systems.

The value of 15 percent, characterizing the rate of growth of the handling
capacity of the system, is based on the data (ref. 80) of the study of U.S.
specialists of the transoceanic incoming and outgoing communications in the
1930-1959 period and the estimated values for 1960-1980 (fig. I-51).

Reference 80 presents the determination of the overall costs of the
creation of a global communication system using stationary satellites and the
return on the investment. It is assumed that in the first stage of construc-
tion of the system it will consist of 11 large and 23 small ground stations /192
and three stationary satellites, each of which is located '"fixed," respec-
tively, over the Atlantic, Pacific and Indian Oceans. The small ground sta-
tions will be built in countries with light international traffic. They will
handle about 13 percent of the total international traffic of the satellite
system using the three satellites. The large ground stations are proposed for
countries with heavy international traffic.

The capital investments required for the construction of the small and
large ground satellite communication stations are 928,000 dollars for the small
stations and 5,635,000 dollars for the large stations. The cost break- /193
down is shown in table I-27.

The yearly costs for the ground stations are respectively 301,000 and
1,520,000 dollars for the small and large stations. Here the direct expendi-
tures on the technical operation amount to 81,000 and 226,000 dollars per year,
respectively, for the small and large stations. The initial costs of the
launch of the satellites amount to 78.5 million dollars. The breakdown of the
costs is given in table I-28.

The annual costs for the communication satellite launches are 52.06
million dollars, on the assumption that the service life of the satellites is
two years, and 41.06 million if the satellite service life is taken to be three
years.

The overall costs of the construction of the satellite communication sys-
tem are approximately 160 million dollars. In order to determine the economic
effectiveness of the satellite communication system, calculations were made of
the minimal number of channels at each ground station, which will provide for
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TABLE I-27

Small station

Large station

Cost item Number of  Total cost, thousands  Number of Total cost, thousands
units of dollars units of dollars

Land (if not government owned) 10 50
Access road 1.6 km 20 16 km 250
Building 80 250
Power amplifiers and heat

exchangers 2 100 8 1,500
SSB oscillators 2 20 8 80
Receivers with molecular

amplifiers 2 o) 8 160
Multiplexing equipment 2 X 12 120 2 X 300 1,200

channels channels
Fixed antenna one, 55 one, 200
Do =10m Do =20 m

Echo-suppressor 12 12 150 150
FM receiver 7 60
Audio frequency generator

equipment 15 1,000
Television exciters 60
Control equipment 100
Monitor-testing equipment 50 100
Communication to nearest 1st part 50 2nd part 100

center
Electric and power supply 65 135
Other costs 28l 340

Total 928 5)635




TABLE I-28 /194

. Total cost, millions
Cost item of dollars
Satellites and launchings 66.0
Three main control stations 10.5
Computers 1.5
Engineering design cost 0.5
Total : 78.5

the amortization of the funds invested, and will provide for an income of 15
percent of the capital invested. It was found that the minimal number of
channels is 13 or 11 for the small stations, depending on the satellite life-
time (2 or 3 years). For the large stations the number is 242 or 200 channels,

respectively.

Based on the requirements of the U.S. for internal and external telephone
traffic and on the assumption that 25 percent of the communications will be
accomplished using the satellite communications system with synchronous
orbits, it was established that at each of the five large stations in the U.S.
there will be needed:

in 1965 - 30 channels
in 1970 - 125 channels
in 1980 - 648 channels

From this the authors conclude that by about 1967 in the U.S. it will be
possible, but not economically Justified, to build five ground stations
equipped with 36 multiplexed channels. By 1970 the construction of five ground
stations, each equipped with 120 multiplexed telephone channels, will be /195
Justified.

Reference 81 presents a description and economic indices of a global com-
munication system using satellites in nonsynchronous orbits. The system con-
sists of 12 satellites launched into circular equatorial orbits with a height
of about 7,500 miles (12,000 km) with an orbital period of 12 hours. Each
satellite weighs about 16 kg.

The region served by the satellite communication system is divided into
6 zones, whose terminal stations are in direct communication with one another.
Retransmitting stations located on the boundaries of the zones provide commu-
nication-between the zones. The total number of terminal stations is 70, the
number of retransmitting stations is 6. At the terminal stations there are
three mobile antennas of 50 ft diameter (15 m) each (two operational and one
standby), and at the retransmitting stations there are four mobile antennas of
80 ft (25 m) diameter each (three operational and one standby). A small com-
puter is installed at each ground station for the control of the antennas.
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The planned communication system capacity for the eariy stages of con-
struction is 600 duplex channels, increasing to 1,200 duplex channels in the
later stages, plus one or wmore television channels. It is presumed that the
information flow will primarily be closed within the zones. Interzonal traffic
will amount to less than 15 percent.

On the assumption that the satellite service life is four years, the prob-
ability of successful launch is 0.75, and the service life of the ground facili-
ties and equipment is 20 years, it is found that the total costs for the system
over 8 years will be 193.4 pounds sterling.

The total number of channels in this system will be 960 in 1970 and 2,000
in 1980. Assuming that the usage of each channel is 45,000 minutes per year
and that the tariff is 15 shillings per minute of conversation, we f£ind that
over 8 years of operation the income is about 370 million pounds sterling.
This value is greater than the total overall costs of the construction and
operation of the satellite system, which is indicative of the economic Zl96
effectiveness of the communication systems in question.

The consideration of certain economic aspects of the satellite communica-
tion systems makes it possible to draw the following conclusions (refs. 80
and 81).

1. With accounting for the high rates of growth of the requirements for
international telephone traffic, the construction of satellite communications
systems is economically Jjustified (comparatively rapid amortization of the
communication system is provided).

2. The satellite communications system is economically more favorable
than the systems using submarine cable, even with comparatively short communi-
cation distances (on the order of 1,000-2,000 km).

3. The satellite communications systems are more favorable than the radio-
relay systems only over long distances (on the order of 10,000 to 15,000 km),
i.e., in those cases when communication is to encompass a vast region of
Earth's surface.

Summarizing the discussion of the possibilities of the use of AES as relay
stations in ground communication systems, we can draw the genersl conclusion
that even at today's stage of the development of rocket technology and elec-
tronics the creation of ground communication systems (global and local) using
AES is fully practicable technically and is economically advisable.
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CHAPTER IT. USE OF THE MOON AS A RETAY STATION FOR
SURFACE COMMUNICATIONS SYSTEMS

1. General Information on the Moon

In addition to artificial Farth satellites, the natural satellite /197
of the Barth--the Moon--can also be used as a relay station for surface
communications systems. Table II-1 presents the basic data relating to

the Moon (ref. 82).

The Moon, just as the Sun, travels across the sky continuously
from west to east and describes a large circle in about one month. The
displacement of the Moon amounts to 12—130 per day. We differentiate
the sidereal period of revolution (or sidereal month) and the synodic
month. The first is equal to the period of revolution of the Moon about
the Earth, at the end of which the Moon returns to the same position among
the stars (in the mean equal to 27.32 mean solar days). At the end of /198
the synodic month (in the mean equal to 29.5% mean solar days) the Moon
returns to the same position in space relative to the Sun and the Earth.

Detailed study discloses complex characteristics of the lunar move-
ment. The visible path of the Moon changes every month and its movement
along this path takes place nonuniformly. The deviations from uniform
motion of the Moon across the sky are termed inequalities. The inequalities
are caused by the fact that the Moon does not travel in a cirecle, but in a
first approximation along an ellipse with an eccentricity equal to 0.055,
and by the disturbances from the Sun and the oblateness of the Earth.

TABLE TI-1
Parameter Value
Distance from Earth, km
at perigee 356, L00
at apogee 406,670
average 384,900
Period of revolution about Sun, days 27.3
Orbital eccentricity 0.055
Mean orbital velocity, km/sec 1.02
Equatorial diameter, km 3,473
Mass with relation to mass of Earth 0.01228
Surface gravity force with relation to
gravity force on Earth's surface 0.166
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Therefore, for the description of the motion of the Moon we must have
recourse to the concept of the osculating ellipse. We can say that the Moon
moves along an ellipre which rotates, first, in its plane from west to east
(with a period of about 9 years) and second, it moves simultaneously about
the ecliptic axis from east to west with a period of about 18.6 years (ref. 83).

The lunar orbit is located in a plane inclined at a small angle to the
plane of the orbit of the Earth about the Sun. This angle does not remain
constant and varies with a period of 18.6 years in the range from 4°59' to
5017‘. On the average it is 509'. Thus, the Moon is practically an equa-
torial satellite.

We must recall one interesting peculiarity of the motion of the Moon: as
it revolves about the Earth, the Moon kceps the same side turned toward the
Earth at all times. This is explained by the fact that the period of revo-
lution of the Moon coincides exactly with the period of its rotation about
its axis. However, the orientation of the Moon toward the center of the
Earth is not precise: thanks to the so-called libration phenomenon, & small
portion of the other hemisphere of the Moon can be seen. The libration
phenomenon amounts to the following. The Moon covers different portions of
its elliptic orbit with differing velocity: faster at the perigee, and slower
at the apogee. However, the rotation of the Moon about its axis is uniform.
Therefore, in some portion of a revolution in its orbit it sometimes turns
less on its axis than it turns in the portion of the revolution and sometimes
more, and a small portion of the other hemisphere is turned toward the Earth.
This phenomenon has been termed longitude libration. There is also /199
latitude libration, associated with the fact that the plane of the lunar
orbit is inclined to the equatorial plane of the Moon by an angle of 6050'.
Therefore the regions of the back hemisphere which are located beyond the
poles become visible. The libration phenomena make it possible to see about
9 percent of the lunar area in addition to the hemisphere turned toward the
Earth.

The velocities of the lunar libration tt lie approximately in the range

_7
of (5-10)10" rad/sec.
In considering the possibilities of the use of radio links with relay

of the signals via the Moon, we can again analyze the cases of active and
passive relay. We shall analyze these two cases separately.

2. Active Signal Relay Via the Moon

Assuming that an automatic radio relay station has been established on
the .loon, we shall make a power requirement analysis of the Moon-Earth radio
communication link as a function of the nature of the information transmitted

and the parameters of the ground receiving and antenna equipments.

We should note that the case of relaying of signals via the Moon
practically coincides with the case of active relaying of signals via AES.
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Their difference consists only in that in the calculation of the Moon-Earth
radio link we must take account of the intrinsic noise of the Moon (Tex= 220°K) .

The presence of the additional term in the expression for the effective
noise temperature at the receiver input Teff leads to the optimal operational

frequencies of the Moon-Earth radio link for certain combinations of radio
link parameters being somewhat different from the optimal operational
frequencies of links with relaying via AES,

We shall perform the analysis of the optimal wavelengths for the Moon-
Farth radio link for various forms of modulation (FM television and tele-
phony, PIM telegraphy), for a series of values of LN (50°K, 100°K, 300°K,

600°K, 1,500°K) and 6 in = 50 (minimal antenna elevation angle). We summarize

the results in table II-2.

Let us analyze the required transmitter radiation power of the /200
lunar retransmitter for the cases of relay of television (FM, Ny = 16,

FO = 9k Mcps), telephony (FM, N, = 16, F = 67 keps), PTM telegraphy

(pulse-time keying, pulse duration T = 1 microsec, duty cycle 1000,
Nm = 22.5). Let us consider the case of the location of the relay station

on the edge of the lunar disk and the maximal distance of the Moon from
Earth R = 406,670 km (apogee). In this case the aspect angle of Earth's

surface from the Moon is equal to o = 1.8°.

We have noted that the time for a complete rctation of the Moon about
its axis coincides with the time of revolution of the Moon about Earth,
and therefore the Moon always turns the same side toward Earth. Thus, the
transmitting antenna of the lunar relay station, once turned towsrd the
Earth, will thereafter remain in that position, i.e., it is stabilized. The
antenna stabilization accuracy is determined by the lunar libration and is

about v = + 5°,

Thus, the width of the principal lobe of the transmitting antenna
pattern of the lunar relay station in the case of natural stabilization is

equal to 6 = 12°,

In the case of artificial orientation of the antenna system along the
radio beam of the ground station with the use of three stations equidistantly
spaced along the equator of Earth, the stabilization accuracy is y = * 0.90

and the width of the principal lobe of the transmitting antenna diagram

of the lunar relay station can be taken equal to 0 = 3.60. Iet us also
consider the case of complete stabilization (y = Oo). Evidently the width
of the main lobe in this case will be minimal and equal to 0 = 1.8°.
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Considering that the average directivity factor of an antenna pattern
with width (to half-power points) of 6 is equal to

2

G—. -2 _

1—c0s—5

and the geometric diameter of the antennas is equal to

/201

where T is the antenna area utilization faetor, equal approximately to 0.5,

we perform the calculations for D

1

with A = A

opt

and 0 = 12°, 3.6°, 1.8°.

The results of the calculations are summarized in tables II-3, II-L4, II-5
(for & = 12°, 3.6°, 1.8°, respectively).

Analysis of the data of the tables shows that with operation at

202

the optimal wavelengths the required dimensions of the receiving-transmitting
antenna of the lunar relay station are quite large, particularly with the
relay of telephony, where the optimal wavelengths are long.

TABLE II-2

Modulation Mode

Optimal wavelength, cm

o = (o) — o - o - (s]
T, = 50 K TO = 100°K TO 300°K TO 600°K TO 1,500"K
Television 15 15 15 15 15
(FO = 9L Meps)
Telephony Lo 45 55 > 60
(FO = 67 keps)
PTM telegraphy 15 15 15 15 15
(F. = 1 kcps)
) m
TABLE II-3%
Antenna diameter, m
Modulation Mode ° ° 5 000 ox
— = = = =l
TO = 50°K TO 100-K TO 300K TO 00~K TO » 500
Television 1.30 1.30 1.30 1.30 1.30
.PTM telegraphy 1.30 1.30 1.30 1.30 1.30
Telephony 3,45 3.90 k.75 k.90 5.20
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TABIE II-L

Antenna diameter, m
Modulation mode 5 '6 o o °
Ty = 50 K TO = 100K TO = 300K | T, = 600K o = 1,500°K
Television 4.35 4.35 4.35 k.35 k.35
PTM telegraphy L.35 k.35 k.35 4.35 4,35
Telephony 11.60 13.00 16.00 16.60 17.40
TABLE II-5
Antenna diameter, m
Modulation mode S 5 5 : ° o
4A_Eb = 50K To = }oo K TO = 300K TO 5_600 g T, = 1,500 K
Television 8.70 8.70 8.70 8.70 8.70
PTM telegraphy 8.70 8.70 8.70 8.70 8.70
Telephony 23.20 26.00 232.00 33.00 2L .80

There are ways of reducing the required size of the lunar relay antenna.
One of them is to shorten the operational wavelength with respect to the opti-
mal value. Analysis of the plots of the relationship of Pt/Pt min as a function
of A (fig. I-13) shows that the extremum of this function is not sharp, and
the operational wavelengths can be chosen considerably shorter than the opti-
mal values without a significant increase of the power required for the relay
radiation. Thus, in the case of relay of telephony the changeover to an oper-
ational wavelength A = 15 cm requires increase of the radiated power by no more
than a factor of two. Hereafter, we shall assume that the operational wave-
length tror all modulation modes is A = 15 cm. Consequently, the required an-
tenna diameter for these three cases of lunar relay antenna stabilization will
be, respectively, D = 1.3 m, h.h m and 8.7 m.

Apparently the most promising antenns for the lunar relay station is the in-
flatable antenna made of synthetic material (metallized outer surface) of the
mylar type (ref. 125).

Let us make an analysis of the required radiation power of the lunar radio
relay station with operation at the A = 15 cm wavelength with a ground antenna
diameter D2 = 20 m for the three cases.

l. Relay of an FM television signal with the following parameters

Ny = 165 F, = 9k Mcps; F =5DMcps; m = 8.b; N = 10%; Vipst = 107 %;

2. Belay of an FM telephony signal having the following parameters

= . = . = . — . - -4, = 4,
N, = 16; Fy = 67 kecps; F =3 keps; m = 11.1; Vinet = 10 % N = 10%;
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TABLE II-6
Radiation power Pt’ W
. ,
Ty = 509K Ty = 100°K Ty = 300°K T, = 600°K Ty = 1,500°K
1.8° 5.1°10% 5.9-10% 9.20-10% 1.4k2-10% 2.92-102
3.6° 2.1-10% 2.4-102 4.0-10% 9.8-10% 2.20-10°
12° 2.4-10° 2.8-10% 4.%0-10% 6.80-10% 1.4¢10%
TABLE II-7
‘ Radiation po&ér Pt’ W
° T, = 509K T, = 100°K Ty = 300°K Ty = 600°K T, = 1,500°K
1.8° 1.88-1071 | 2.2.107% 3.4-1072 5.0°10 * 1.05
3,60 7.3.10 * 8.9-10 * 1.3 2.0 L.2
120 8.9 10.8 16.3 2L L 51.0
TABLE II-8
) Radiation power Pt’ W
5 _
T, = 50°K Ty = 100°K Ty = 300°K Ty = 600°K Ty = 1,500°K
A_¥ﬁi.8° 1.5°10 2% [1.8-1078 2.8°10° 3 4.2-107% | 0.90-107%
3.6° 6.0-10°% | 7.0°1072 1.1°10°2 | 1.7-10°2 | 3.6:10 2
12° 7.0°10°2 | 8.5-10°2 1.k-207 | 2.1:107% | 4.3°1072

3. Relay of a telegraph signal transmitted using pulse-time modulation

(PTM) and having the following parameters

(203

= 2 Meps; M = 1000 (duty cycle), v. =10 4.

Nm = 22.5; Fm = 1 kcps; F inst

0

The results of the calculations are summarized in tables II-6, II-7 and
IT-8, respectively.
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From the previously presented consideration of the possibilities of the
use of the various power sources as long-term operational onboard sources under
the conditions of outer space, it follows that at the present only the solar
cells satisfy the requirements. With the use of solar cells as the sources of
electric energy for the supply of the radio equipment of the lunar relay station,
the magnitude of the direct current power (and consequently the maximal power
of the transmitter radiation) is determined by the value of the area of the so-
lar cell panel. Assuming, as before, that the maximal value of the panel is /204
10 m?, and the efficiency of the solar cell is 10 percent, we find that the over-
all efficiency of the relay station of 10 percent gives a maximal radiation
power of the transmitter of about 100 W.

Assuming the presence of the relay station on the Moon, on the basis of
the arbitrary numerical example presented above we can make the following con-
clusions.

1. Active relay of high-fidelity FM television without a tracking filter
with use of lunar relay is possible only with utilization on Earth of high-
sensitivity receiving devices (molecular and parametric amplifiers), large re-
ceiving antennas and a high degree of stabilization of the relay transceiver

antenna.

For example, with 6 = 3.60 (orientation of the lunar antenna along the
radio beam of one of the equidistant equatorial stations) and use of a para-
metric amplifier at the input of the ground receiver (TO = 100°K) communication

is possible only with the use of a ground antenna with D2 = 30 m.

Use of a tracking filter at the ground receiver reduces the power require-
ment of the radio link by about a factor of k. In our example the use of the
tracking filter permits reduction of the ground antenna diameter to D2 =15n

(the antenna diameter of the lunar relay station Dl = 4.k m).

2. Active relaying of high-fidelity FM telephonic signals with the use
of a radio relay station on the Moon, even without a tracking filter in the
ground receiver, is possible with relatively small dimensions of the ground
antenna.

For example, with © = 3.60, T = 300°K communication is possible with the

0]

use of a ground antenna with diameter D2 = 2.2 m.,

With a tracking filter used in the ground receiver we can maintain commu-
nications even with a conventional crystal mixer at the receiver input with a

ground antenna diameter D2 = 2.2 n.

3. Active relaying of PTM telegraphy with the use of a relay station on
the Moon is possible even with the use of simple receivers and small antennas

on the ground.
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Thus, in the case 8 = 3.6°, Ty = 1,500% communications are possible /205
with use on the ground of a simple antenna of the "wave duct”" type (ref. 52).

The power margins available in the relaying of telephonic and telegraphic
signals can be utilized to increase the number of channels (number of trunks
in the relay station).

3. Passive Relaying of Signals Via the Moon

The first attempts to obtain reflected signals from the Moon were made be-
fore World War II in the U.S. by personnel of the Naval Research Laboratory,
but they were unsuccessful. The first successful attempt at radiolocation of
the Moon was made in Hungary in 1946, using military radar equipment. Later
experiments were conducted on bouncing radar signals off the Moon in Australia,
England and the U.S. The first Moon relay of a telegraphic message was accom-
plished in 1951, using a frequency of 418 Mcps between Cedar Rapids (Iowa) and
Star King (Virginia) (ref. 84).

Relay of telephony signals via the Moon was accomplished in 1958 by per-
sonnel of the U.S. Naval Research Laboratory led by Trexler (ref. 85), and
somevwhat later by the team of the experimental station of Manchester University
in Jodrell Bank, headed by Lovell.

The success of these experiments showed that there is a real possibility
of using the Moon as a reflector for longrange communications.

Let us analyze the possibilities and the characteristics of a radio link
with passive relay via the Moon. In order to formulate the requirements on the
parameters of the radio link communication using lunar reflection, we must know
the characteristics of the signal reflected from the Moon and the coefficient
of reflection of the lunar surface.

Detailed study of the characteristics of the signal reflected from the Moon
shows that it has several very characteristic features.

1. The existence of rapid fading with considerable amplitude and durations
in the range of (0.1-2) sec. The amplitude distribution follows the Rayleigh law.

2. Existence of slow fading with durations in the range from 10 min [206
to 2 hours.

3. Existence of limitations in the passband,

4. Existence of signal delay by about 2.5 sec.

The fact that the slow and rapid fading are of different nature was es-
tablished by Kerr and Shain in 1950 (ref. 86) as a result of their experiment on

radar location of the Moon from Sydney. They also explained the mechanism of
the rapid fading. They showed that because of the "roughness” of the lunar
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surface the reflected signal contains components of different relative phase
shifts, and as a result of the libration (rocking) phenomenon the phase rela-
tions between these components change, the result being the rapid fadings which
have received the name "libration fading."

It is of interest to know the amplitude of the fading resulting from the
lunar libration. As we have mentioned, the distribution of the amplitudes of
the reflected signal with account for only the rapid fading is Rayleighean. The
distribution parameters depend on the magnitude of the libration and the fre-
quency. Although no exact calculations on the distributions on the basis of the
experimental data have been made, there is an indication (ref. 87) that in the
course of 50 percent of the time of observation the amplitude fluctuations of
the reflected signal amount to L4-5 db (power fluctuations of a factor of 2.5-3

times).

It is not known how the characteristics of the librational fading (in
particular the amplitude distribution) vary with change of the operating fre-
quency; relative to the rate of fading, it is known that it increases with in-
crease of the frequency following an approximately linear law.

The maximal Doppler frequency shift due to the lunar libration is equal to

R
=% fi, M

c

AfD

where f is the carrier frequency;
tt is the lunar libration rate in rad/sec;

RM is the radius of the lunar disk;

c is the speed of light.

Studies were made of the power spectrum P (f) of the signal reflected from
the Moon, from which it was established that P (f) falls rapidly to O when

Fe
Fo>03, /207

where Fg, is the spectrum width on the assumption that the Moon is a uniformly
bright reflector (fig. II-1, ref. 88). From this it follows that the Moon has a
very "dark" limb, that the effective scattering region is located in the center
of the visible disk of the Moon and that the radius of this region amounts to

about 1/3 of the lunar radius.

maximal rate ¢of fading is approximately equal to

R
Ffade ~ 2 flt 2
3
and for 1, = 10" ® rad/sec and £ = 3,750 Mcps (A = 8 cm) is about 15 cps.
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Figure IT-1. Spectral distribution of
power of signal reflected from Moon.

The cause of the slow fading was explained by Murray and Hargreaves of
Joddrell Bank in 1954 (ref. 89). They showed that the slow fading arises
with the reception of linearly polarized signals on a linearly polarized
antenna as the result of the rotation of the plane of polarization of the
wave with passage through the ionosphere (Faraday effect), and that it can
be practically eliminated by the use of a receiving antenna with circular
polarization.

The third characteristic of the signal reflected from the Moon is the
frequency bandpass limitation. The cause of this phenomenon is the fact that
the lunar surface is spherical rather than flat (fig. II-2).

If we assume that the Moon is a uniformly bright reflector clear out to
its limb, a short pulse incident on the Moon should be stretched out to 11.6
msec, which corresponds to the time of travel of the radio waves of an addi-
tional 3,473 km (to the limb and back). Let us assume that we perform the
relay of a telegraph signal using amplitude keying via the Moon. It 208
is evident that in this case the duration of the pulse (space) cannot be
less than 11.6 sec, otherwise the pulses merge and no space will be noted.
Thus, we find that communications are possible only with a modulation fre-
quency of the order of 43 cps.

However, experimental studies have shown that the Moon is not a uniformly
bright reflector.

Experiment shows that the main energy of the echo signal occurs in the
first millisecond of its duration, and the majority of the energy is received
in the first 100 msec (fig. II-3) (ref. 88). Thus, the experimental data ob-
tained show that it is possible to build a communication system with passive
lunar relay with a bandpass width to 10 kcps.
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Figure II-2. Reflection of wave from
Junar surface.

] 1 L. =
o 100 200 300 t,/m sec

Figure II-3. Variation of relative distribution of
energy P of signal reflected from Moon as function
of time (in percent of total enmergy of pulse).

That portion of the reflected signal which contains the first 50 percent
of the reflected energy corresponds to the first 8 km from the leading edge of
the Moon, i.e., it is reflected by an area whose diameter is equal to 340 km,
which is almost exactly one tenth of the lunar diameter.

In the reception of the gignals obtained as the result of the /209
reflection of radiated pulses of short duration, the region of the rise of the
reflected signal was always clearly outlined without any signs of the presence
of small, previously arriving signals. This indicates that the region of the
"sharp" reflection of the signals is the portion of the Moon which is closest
to Earth and not some special formation somewhere on the lunar surface.

The Lambert law states that the reflected power is equal to
Py=Pycos,
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where P, is the power reflected along the normal to the surface;

N
Py is the power reflected at the angle 6 to the normal.

In the present case, when the edges of the disk practically do not reflect,
we can assume that the scattering law has the form

Py = PN(cose)n, where n = const.

In reference 88 numerical integration over the entire surface of the Moon
was used to calculate the signal spectrum for a given value of n; this was then
compared with the spectrum obtained as a result of observations. With n = 30
the difference between the spectra amounted to only a few percent. Thus, the
lunar gurface scattering law can be expressed by the equation

P,= P, (cosf)*.

This law assumes that the scattering takes place practically in the
directions normal to the surface, and that only those elements of the surface
which lie almost perpendicular to the incident ray (front edge of the lunar
disk) reflect back to a significant degree. This corresponds to the assump-
tion on the specular nature of the reflection, although it is difficult to
imagine how the dielectric materials from which the lunar surface must be
composed can be a specular reflector.

Reference 88 suggests that the theory of the existence of a lava surface,
suggested by some selenologists, can be of assistance in the explanation of
the observed form of the reflected signals in the experiments. In Z2lO
this theory it is hypothesized that some time in the past lava flowed up to
the surface of the Moon, then broke through and flowed along the valleys and
craters. Here only the very highest peaks and ridges of the craters were
above the surface of the lava sea, which then cooled and formed large areas
over which only small irregularities appeared in the coursge of time. These
large smooth surfaces can be the cause of the formation of the main reflected
signal, on the background of which there are no random reflections from the
mountains and the edges of the craters. In the power requirement calculations
of the radio links with passive Moon relay it is necessary to know the reflec-
tive coefficient of the lunar surface. Different authors present somewhat
differing values of this coefficient. In reference 88 it is indicated that
the reflection coefficient of the lunar surface must be sbout Ocpr = 0.1.
According to the data of Evans (ref. 87), the coefficient of reflection is
equal to only 0.03.

Let us turn to the calculation of the power requirement of the radio
link using passive Moon relay.
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For the selection of the optimal operating wavelength we analyze the
communication equation (radar transmission equation)

(] 64-R2-AT, TN,
=N, kT F=——"——",
Pi=NokT . ¢¢ DIDZ=Serte ot

where SO is the area of the lunar reflective surface;

0 is the reflection coefficient.
eff

The notations of the other quantities are the same as before.
In the present case the margin factor Nl must contain the margin coef-

ficient for rapid fading of the signal reflected from the Moon, equal to 5 db,
and also the margin coefficient for the polarization losses, equal to 3 db
(ground reception is on a circularly polarized antenna and ground transmission
is on & linearly polarized antenna). It is obvious that passive relaying of
signals via the Moon is completely similar to passive relaying of signals

using AES, and the optimal wavelengths for these two types of radio links

will be identical.. Thus, in the case of passive relay of signals /211
using the Moon,the optimel working wavelength will be A = 8 cm (f = 3,750 Mcps).

Let us perform the power requirement analysis of a radio link with a
pagsive Moon relay for the case of the transmission of discrete information
with a rate of 1,000 baud (Fm = 1 kcps, high-speed telegraphy) and an operation
using FM with frequency keying with Nm = 10. We take the diameters of the re-

ceiving D21 and transmitting D22 antennas as 20 m. We make the calculation for

four values of the frequency instability coefficient vinst = lO'h, 10‘5, 10'6,

5-10'7 and various TO.

Let us consider that the maximal value of the frequency instability
coefficient due to the Doppler effect 1s equal to vp = 6.2.10-6. For the

cases Vi o4 = ].O‘6 and 5-10_7 we assume that the Doppler frequency shift is
compensated with an accuracy to 10 percent. We summarize the results of the
computations in table I1-9,

We see that the power consumption on the radio link using passive Moon
relay with the transmission of high-speed telegraphy is quite considerable
even with the use of high-sensitivity receiving equipment and large antennas
at the receiving and transmitting ends of the radio link. For example, with

the use at the ground station of a molecular amplifier with TO = 509K, Vinst =

10-% ana D21 = D22 = 20 m, the radiative power required is 59 KW, which can
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TABLE II-9.

o Radiation power Pt, kw
Vinst ¥ VD :
) Te=50"K | To=100° K | 7o=300° K | T,=600" K | To=1500° K
Vinst =10-%,
oY Z&aio-e}| 5 69 108 166 | 340
Vinst =10-%,
8t = a.i0-ef| 305 35.6 56 84 174
vinsg S io-rp| 184 | 28 | 34 108 | 227
V3 =5-10-7
ingt 2373 o-1}] 61 74 | 1.5 | 18.0 | 31.5

be provided only by parallel connection of four continuous-operation power
klystrons.

With increase of the frequency stebility, the power consumption 212
is reduced. Thus, with v, .4 = 10-° and with vVp = 6.2-10"7 and other condi-
tions remaining the same, the radiative power required is 18.4 kKW, which can
be provided by the parallel connection of two continuous-duty klystrons. With
still greater increase of the frequency stability, the condition

Nn 22 >1

is satisfied (strong signal) and linear detecting takes place (in this case
filtering after the detector is equivalent to filtering ashead of the detector).
The required radiative power Py does not depend on F and is completely deter-

mined by the speed of operation Fm. In our case Py = 6.1 kW, which is provided
by a single continuous-duty klystron (ref. 79).

A considersable reduction of the power consumption of the radio link can
be achieved by the use of diversity reception. Calculations show that with
dual reception (reception on two separated antennas with sutomatic selection)
the rapid-fading margin can be reduced by approximately a factor of two.

Reduction of the power requirements of the radio link can also be
achieved by increase of the accuracy of pointing of the receiving and trans-

mitting antennas at the Moon. The maximal possible gain which can be achieved
is four. With high frequency stability, when the condition

Nnipm>1
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is satisfied (linear postdetection filtering), with reception on two separated
antennas and a high accuracy of pointing at the Moon, the required radiated
povwer is only 760 W. If the available power margin, equal to 20, is used to
reduce the diameter of the antennas, antennas with D21 = Dp, = 10 m are suf -

ficient on the ground.

With high frequency stability, large receiving and transmitting antennas
on the ground and with sensitive recelving equipment, even passive Moon relay

of telephone signals is possible.

As a result of the frequency bandpass limitation due to the /213
sphericity of the reflector (the Moon), in the present case it is not possible
to realize the advantages of the wideband modulation systems (FM and PCM). For
this reason, for the transmission of analog information (telephony) in the
pregent case it is most advisable to use the SSB system. With D21 = Dpy = 25 m,

Fm = 3 keps, N, = 100 (medium fidelity), single reception, TO = 509K and the

existence of a margin for inaccurate pointing at the Moon by the receiving and
transmitting entennas (a factor of 4 with respect to power), the required
transmitter radiation power P, = 40 kW, which can be provided by parallel

connection of three klystrons. With high accuracy of pointing of the antennas
at the Moon and other conditions remaining the same, the radiation requirement
is P4 = 10 kW, which can be provided by a single medium power klystron (ref. 79).
Further reduction of the power consumption on the radio link with passive Moon
relay of telephone signals can be obtained by means of conversion of the speech
structure with subsequent reduction of the bandwidth (speech compression).
According to reference 36, with full conversion of the speech structure, when
only the characteristic features of the gpeech sounds are transmitted over the
communications line, we can obtain a gain of a factor of 5 - 50 times in re-
duction of the frequency band occupied (a corresponding gain of a factor of

5 - 50 in power, if the SSB system is used).

Returning to the case of the transmission of discrete information, we
should note that for the passive relay of signals via the Moon the frequency
telegraphy system is not optimal. According to reference 90 the use in this
case of a wideband system with noise-like signals (Rake type) can give a gain
of the order of 20 db (a factor of 100 times in power) in comparison with
frequency keying. The existence of such a significant advantage of the sys-
tems with noiselike signals forces us to turn concentrated attention to them
for the development of communication lines with passive Moon relay.

This consideration permits us to draw the following conclusions.
1. The specific nature of the reflection of the radio signal from
the lunar surface sets an upper limit to the frequency band occupied by the

radio gignal, the result being that it 1s only possible to accomplish passive
relay of relatively narrow-band information with a spectrum width at {214
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the radio frequency of less than 10 keps; narrow-band telephony, high-speed
telegraphy and facsimile.

2. The power consumption for passive relay of radio signals via the
Moon is quite high and from the point of view of the possibilities of microwave-
generating devices communication via the Moon is possible only with the use of
large transmitting and receiving antennas (with diameters of the order of 20 m) ,
high-sensitivity receiving equipment (parametric and molecular amplifiers),
the use of high-stability frequency references (vinst < 10-9), compensation
of the frequency shift resulting from the Doppler effect and the use of
optimal modes of modulation.

3. For the compensation of the rapid fading of the signal reflected from
the Moon it is advisable to use various forms of diversity reception (frequency
or spatial diversity).

4, For the transmission of digital information by means of passive relsay
of the radio signals via the Moon the systems with noiselike Blgnals (of the
Rake type) must be considered promising.

4. Duration of Communication Sessions with Moon Relay

Knowledge of duration of the communication sessions with signal relay via
the Moon is of interest in the case of both active and passive relay.

The time of simultaneous visibility of the Moon from two or more corres-
ponding points on Earth can be determined on the basis of data on the position of
the Moon published in the Astronomical Calendar for the corresponding year.

An idea of the value of this quantity can be obtained from the data on
the maximal and minimal duration of the communication session via the Moon
between London and various points on Earth's surface, presented in reference
87 and table II-10.

The data in this table refer to 1959. In the calculations of the time
of simultaneous visibility from London and the corresponding points, use is
made only of the time interval when the elevation anglé of the Moon /215
gbove the horizon is greater than T7°

Analysis of the data of table II-10 shows that the duration of the com-
munication periods using Moon relay of the signals is in all cases consider-
able, adequate to transmit a large quantity of information.

For example, the maximal and minimal duration of the communication periods
between London and Singapore (distance between points about 11,000 km) are, re-
spectively, 6 h 55 m and 3 h 15 m. With telegraph operation at a rate of
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TABLE II-10.

Maximal duration

Minimal duration

Station of communication of communication

period per day period per day

Calcutta 8 hours 30 min 3 hours 54 min
Adelaide 3 35 1 52
Central Nigeria 13 1k 9 L6
Montreal 10 18 4 05
Lusambo (Congo) 12 Lo 9 03
Capetown 11 57 9 59
Central Venezuela 9 L6 5 53
Singapore 6 55 3 15

million words and 470,000 words.
radio links using passive relaying.

1000 baud (Fyp = 1 keps) during this time, we can transmit, respectively, one

This rate of operation is provided even in

182

In the case of active relaying, the infor-
mation capacity of the communication channels using Moon relay can be increased
by hundreds of times.
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CHAPTER TIII. COMMUNICATION WITH SPACECRAFT
WITHIN THE SOLAR SYSTEM

At the present time we are faced with the problem of providing Z216
two-way radio communications between spacecraft directed from Earth to the
planets of the solar system and Earth. We shall analyze the primary problems
encountered in the resolution of this problem: the selection of the optimal
operational wavelength, evaluation of the Doppler frequency shift, computation
of the radio link power requirement, the capabilities of the various sources
of supply for the onboard equipment, etec. But before turning to the analysis
of these questions we shall briefly recall to the reader the basic data re-
lating to the solar system itself.

1. Basic Data on the Planets of the Solar System

In the center of the solar system there is the Sun, about which there
travel nine large planets, tens of thousands of small planets or asteroids,
multitudes of comets and innumerable quantities of small meteoric particles.
The total mass of all listed bodies is less than the mass of the Sun by a
factor of about 750 fold. This is precisely what determines the central
position of the Sun, having not only tremendous mass, but also gigantic
dimensions. The diameter of the Sun is 1,390 thousand km. If we imagine
Earth located at the center of the Sun, the Moon revolving about it would
be far beneath the solar surface.

After the Sun, the most massive bodies of the solar system are the /217
planets.

The planets travel about the Sun in elliptic orbits. However, the
eccentricities of the orbits of almost all planets of the solar system are
quite small and do not exceed 0.1, except that for Mercury and Pluto they
are somewhat larger than 0.2. Consequently, in the numerical evaluations
of the planets the orbits can without exception be considered circular.

An interesting feature of the movement of the planets is the fact that
they all revolve about the Sun in the same direction.

If we look at the system of planets "on edge," we can see that the
planetary system is quite a flat formation: +the orbits of six planets
are inclined to the plane of Earth's orbit by less than 3.5°9, and only for
Mercury and Pluto are the inclinations somewhat larger (tsble III-1, ref. 01).

The basic data on the planets of the solar system and of the Sun are
presented in table IIT-2, compiled on the basis of data of reference 5k,
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TABLE III-1
Planets Inclination of planet orbital
plane to plane of Earth's orbit
Pluto 17°8!
Mercury 790"
Venus 3024
Earth 00
Mars 1951
Jupiter 1°18:
Saturn 29291
Uranus 0%u6!
Neptune 1047

2. Belection of the Optimal Operational Wavelength

In the case of active transmission the communicsation equation is
written in the form

is the

16R?T",T'sN, -
Pie=Nok (T4 T.ox )FW’ (II1-1)

required radiation power of the onboard transmitter;

are the absorption coefficients of radio waves in the stmospheres of

Earth and the corresponding planet;

is the

is the

is the

is the

is the

is the

is the

is the

is the

s/n ratio at the detector input (RF);

equivalent noise temperature of the receiver itself;
equivalent external noise temperature;

receiver bandpass width ashead of the detector (RF);
distence between the communicating points;
spacecraft antenns gain;

ground antenna diameter;

antenna area ntilization coefficient (M ~ 0.5);

margin coefficient for polarization losses, losses in the

antenna feed circuit, losses due to nonuniformity of the spacecraft
antenna pattern, and losses due to the inaccuracy of the pointing of
the ground antenna at the spacecraft.
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TABLE ITII-2

Average . . Maximal Average
planet Average orbital  qipe of rotation Time of surface velocity
Plenets diemeter, radlus, millions about axis revolution temperature, in orbit
xm of km about sun og km/sec
Venus 12,200 108 No data 224, 7 days 367 35
Mercury 5,000 57.9 87 days 23 hours 87.97 " 673 47.8
Mars 6,600 227.8 2k hours 37 min 686.98 303 24,1
Jupiter 139,500 T777.8 9 hours 56 min 11.86 years 144 13.1
Saturn 120,000 1,426 10 hours 14 min 29.46 " 121 9.6
Uranus 47,000 2,869 10 hours 48 min 84,01 " 105 6.8
Neptune 43,000 4,%95.6 15 hours 48 min 64,8 " 73 5.4
Pluto 5,800 5,929 No data k7,7 " 50 L7
Earth 12,735 149.5 23 hours 56 min 365,266 days 333 29.8




Let us assume that Nl ~ 1 (high antenna pointing accuracy, short feeder
lines, matched polarizations of the onboard and ground antennas) .

The conditions of the problem permit the introduction of several simpli-
fying assumptions. It was established previously that the absorption of the
radio waves in Earth's atmosphere is negligibly small, from 100 Mcps clear up
to frequencies of 3,000 Mcps. Above 3,000 Mcps the absorption begins to in-~
crease as a result of the presence of resonance lines in the spectrum of the
molecular components of Earth's atmosphere. However, the primary absorption
occurs in the very lowest portion of Earth's atmosphere with a thickness of
only a few kilometers. Thus, if the station for communication with inter-
planetary spacecraft is installed on the top of a mountain with a height of
5-6 km, the absorption of the radio signals in Earth's atmosphere will be
small, up to high frequencies. Let us estimate, approximately, the lower
limit of the operational range of wavelengths. Radiations of electromagnetic
oscillations of high frequency (ultraviolet, X-rays) will be attenuated to a
considerable degree with passage through Earth's atmosphere as a result of the
losses due to ionization of the various components (molecular and /220
atomic) of the upper and lower atmosphere. It is known that the primary
constituents of the upper atmosphere are nitrogen and oxygen in both atomic
and molecular states(Nl, 01, Np, Op (refs. 92 and 61)). The values of the

ionization potential for the first level will he equal respectively, to

14.5; 13.5; 15.8; 12.5 ev (851; 781; 987; 735 A). Thus, radiation with a
wavelength of about 1,000 & and shorter is attenuated to a significant degree
during passage through the upper layers of the atmosphere. The ozone layer
(its maximum lies at a height of 20-30 km, i.e., above the highest mountain
peak on Earth) absorbs a significant portion of the ultraviolet radiation with
a wavelength A < 3,000 A,

Consequently, by installing the communications station at a considerable
height above sea level (5-6 km) we can extend the range of the operational
wavelengths to the visible wavelength A =~ 4,000 A, We should note that in
this case there is also a weakening of all refraction phenomena (reduction of
the refraction angle and reduction of its fluctuations, since at the high
frequencies the primary contribution is that of the tropospheric refraction,
and particularly at low antenna elevation angles, when a significant portion
of the path of the radio beam lies in the dense layers of the troposphere).
The range of the operational wavelengths could be extended even further, if
the communications station for the interplanetary spacecraft could be installed
onboard artificlal Earth satellites at a flight altitude of the order of 1,000
km. However, the power capabilities of the transceiving station on the AES
will, considering the present state of the development of rocketry and
electronics (limitation in weights, size and power), be considerably lower
than at the ground station. We shall, therefore, consider the case of the
installation of the transceiver station on an AES only as one of the possible
future variants of the design of radio communication links with spacecraft.

We must keep in mind that other planets of the solar system have an
atmosphere. For this reason our conclusion on the possibility of extension
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of the range of operational wavelengths up to A = 4,000 A is valid only when
the spacecraft with the transceiving station is a satellite of the planet /221
or is on a sufficiently high point of the surface of the planet to neglect the
effect of its atmosphere. :

The second simplifying assumption is that we exclude from consideration
those moments of time when the Sun or any other discrete source of radio noise
falls in the ground-receiving antenna pattern. Thus, the only forms of external
noise are the galactic noises and the noise of the planet with which communi-
cation is being estasblished. We noted previously that the effective noise
temperature in the antenna due to the galactic noise in the case of pointing
of the receiving antenna toward the center of the Galaxy can be approximated
by the following expression

T, . ~A4.469°K, (11I-2)

gal

where A (wavelength) is measured in meters and T, is measured in degrees

gal
Kelvin.

The effective noise temperature in the antenna due to the planet noises
(planet surface temperature T = Tpl) is equal to

T, 1 (g_:>’ T for 9,<6,, (I11-3)

where el ig the angular dimension of the planet with observation from Earth,
equal to Di/RaV (ratio of the planet diameter to the average distance between

Earth and the planet), and ¢, is the ground antenna half-power point pattern

2
width, in the best case equal to 8, azx/Dg rad. If 6y > 6y, Tapl = Tpl'

Considering all we have said, the communication equation can be written
in the form

6202
Pi=N.k [T°+z=.*-469+~;ﬁlrpl]pﬂi__ (I11-1')
G,Dgn
We should keep in mind that at the present stage of the develop- /222

ment of the high-frequency radio wave generation technology the writing of the
communication equation in the form (III-1') is, generally speaking, not en-
tirely accurate. The reason is that the final objective of the analysis of
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the radio link is the determination of the required direct current power PO’

which is associated with the radiated power by the relation

Pt=_P021

where € is the generator efficiency. At the present time § is strongly depen-
dent on M. In the range up to 1,000-3,000 Mcps E is approximately constant
and amounts to only about 10-15 percent(ref. 79). With further increase of
the frequency, € diminishes and in the millimeter wavelength range does not
exceed 1 percent. Consequently, in the analysis of the radio link we write
the communication equation relative to PO and include a factor showing the

variation of & with wavelength.

However, as a result of several advantages in the millimeter wavelength
region in comparison with the centimeter and decimeter ranges (higher accuracy
in the coordinate determination with use of the millimeter wavelengths for
radar, smaller antenna dimensions, etc.), at the present time scientists and
engineers of various countries are making a major effort to increase the ef-
ficiency of the known methods of generation. As a result of this work we
already note a tendency to relax the dependence of £ on A and to equalize the
value of € in the ranges of the centimeter and millimeter wavelengths (ref. 79).
Therefore, we shall assume £ = const and shall consider the communication
equation in the conventional form (in terms of Py).

We derive the equations for the determination of xopt for several charac-

teristic cases which may be encountered in practice.

Omnidirectional Antenna on Board the Spacecraft. Operation with an omni-
directional antenna on board a spacecraft located in the vicinity of any
planet of the solar system is unfavorable from the power consumption viewpoint
and will apparently be utilized only in emergency cases: if the ground- /223
tracking station loses the spacecraft, in the case of orientation of the
directive antenna of the spacecraft with respect to the radio beam of the ground
station; if the system for orientation of the spacecraft in space malfunctions
(loses Earth), etc.

Here, in turn, we can consider two characteristic cases:

1. Strong signal

2F
NmT>1: (*)
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where Nm is tr 2 receiver output s/n ratio;
F 1is the RF passband of the receiver;
Fm is the IF passband of the receiver.

With a limited power radiation of the onboard transmitter, this relation
is realized in the case of almost complete compensation of the Doppler frequency
gshift and of the various instabilities, for example, by means of auto-tuning the
" heterodyne frequency of the ground receiver with respect to the arriving signal
or by means of programmed variation of the heterodyne frequency.

As a result of the low effectiveness of the spacecraft transmitting antenna,
it makes sense to consider only telegraphic operation with low rate. For defi-~
niteness let us assume that transmission is accomplished using frequency kezlng
with a rate of 5 baud (Fy = 5 cps) and Ny = 10 (error probability about 10-

Assuming that the RF passband (at the intermediate frequency) F is equal to
triple the passband width of the channel filter (ref. 21), and that the pass-
band width of the channel filter Fk is equal to

Fy=2F, -} (vinst-l— ’53) Fo (IIT-4)

(v and v

inst p are coefficients characterizing the frequency shifts due to in-

stabilities and Doppler effect), we find that the condition (*) is satisfied
in the case when

2F p (Nm — 3)
1nst. ‘D)fo Ty (11T -5)
In the case Fy = 5 cps and N, = 10 we find the additional broadening /224

of the passband of the channel filter due to the instabilities and the Doppler
effect must not exceed 20 cps.

Knowing the operating frequency of the radioc link fo, we can find the re-

quired accuracy of compensation for the frequency shift (v,

inst With

+ vp) .

satisfaction of the condition (*) and use of a linear detector, the s/n ratio
at the receiver input (at the limiter input) N will be determlned by the
approximate equation

No =~ Np2f2, (111-6)
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and the communication equation is written in the form (with el < 92)

8303 16-R?.
Pi—2NuFm [T,+z=-*-469+l—,rpl Nt (III-7)

-

Differentiating Pt with respect to A, we obtain the equation for the deter-

mination of the optimal wavelength

4.4(log2 1 %\ (111-8)
4 (log Op't)= 8\~ )

Relative to D, (ground antenna diameter) Py is (with constant \) a monotone

decreasing function. Consequently, from the point of view of reducing the
power consumption of the radio link, the diameter of the ground antenna must
be increased. However, as a result of the limitation of the antenna fabri-
cation accuracy the ground antenna diameter cannot be increased without limit,
while retaining a constant operating wavelength. With some value D2 = D*2 the

operating wavelength A becomes a critical wavelength for a given antenna, and

with further increase of D, the performance of the antenna (efficiency, side
lobe levels) decreases sharply. The critical wavelength for a given diameter

D2 is found from the condition
a*,—16-D,s, (I11-9)

where ¢ is the relative accuracy of the fabrication of the antenna surface, equal
to

A
6-D°

g=

In the majority of the cases the analysis of the radio link is made /225
on the basis of a given diameter of the ground antenna D2. In this case we

make use of equation (III-8) for the determination of the optimal operational
wavelength xopt. If, in this case, we find a value of xopt < X*e (eritical

wavelength for the given diameter of the ground antenna D2), then we take
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A = X\¥, as the operational wavelength. If,however, the value obtained for
xopt > x*e, we take A = xopt as the operational wavelength found by solution
of equation (III-8).

2. Weak signal

”’" <1 (%)

This case is realized when the frequency shifts, due to the various in-
stabilities, and the Doppler effect are not compensated or are only partially
+ compensated.

In this cage it is advisable to use a quadratic detector. It is known
that then

4 Fr
N°z1,27-V-§NmT' (III-10)

Consequently, the communication equation has the form

£y=127 ]/mk [To+1"4-469 +

eﬁr 16R?
D

(Irr-11)

+

where F ~ 3fy (v; ¢ + V).

With a given diameter of the ground antenna D_ the wavelength, which is

2

optimal from the point of view of power requirements, is found from the con-
dition of the minimum of expression (III-11). The equation for the deter-
mination of xopt has the form

242
| 1780=T, 4 —eBL HDJPl (1TT-12)

If the resulting value of Aopt < M, for a given value of the diameter of

the ground antenna D_, we take as the operational wavelength, as in the

2
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preceding case, A = k*g. If, however, xopt > A*5, then we take the {226
value of Xopt obtained as the operational wavelength.

Highly Directive Spacecraft Onboard Antenna. The maximal value of the
gain of the spacecraft antenna or ground transmitting antenna is limited only
by the antenna diameter (ref. 52)

212
G, <G, _="_f;l'_. (III-13)
max

Substituting the value of Gy poy into the communication equation, we find
Po N | Ty 1304601 BP2 p | ptoRR (1TT-1k)
1= Ny o+ T + AT Ypll. n’Dng'q" -

We see that the required radiated power Py diminishes with reduction of

the operational wavelength. However, we cannot conclude from this that the
shortest wavelengths which can be used on a given radio link are optimal from
the point of view of power requirements. This is because we have not taken
into account one factor--the limitation in the accuracy of the fabrication

of the antenna mentioned before. By reducing the operational wavelength A
with constant diameters of the ground and onboard antemmas D, and Dy, we

finally arrive at the situation where the wavelength becomes critical for one
of the antennas: A% = l6ch’2 (most probably for the ground antenna, since it

can have larger dimensions than the onboard antenna). Further shortening of
the wavelength can be achieved only under the condition that the diameter of
the corresponding antenna is also reduced, i.e., under the condition that the
ratio x/D = 160 is held constant. Consequently, the communication equation
for the wavelengths longer than the critical wavelength for the smaller of
the antennas can be rewritten in the form

. . 6?7‘ (ls)aRzai
P‘-’:Nok [T°+12'4-469+—25—6p;zl}FW. (III-15)
In this case the power potential (by power potential we mean the /227

product P.G,) of the radio link is meximal, and therefore we also include in

1)

our consideration the case of the transmission of television and telephone
signals, using the method of frequency modulation, for which, as before, we
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take N = 104 (high fidelity), Ny = 16, F =5 Mcps and 3 keps; the spectrum
widths of the radio signals FO will be 94 Mcps and 67 kcps, respectively.

As a result of the frequency shifts due to the various instabilities and
the Doppler effect, the required RF receiver passband width F is equal to

F =Fg + (Vipat + vD)fO.

Consideration of two characteristic cases is of interest
(a) Fy  (Vipgy + VDT Wwith My <A = a%,.

In this case the commnication equation has the form

8°% 3p2.2
Pi=—=N,k [To—l—z=.4469+ 2‘55012 ] F, tillfnz . (III-16)
1

We see that the required radiation power of the onboard transmitter
diminishes with a reduction of the operational wavelength. Consequently,
the wavelength which is eritical for the onboard antenna Xopt = x*2 = X*l

will be optimal from the power requirement point of view. If antennas of
identical manufacturing accuracy are used on the ground and on board, it
is necessary to satisfy the condition D; = D, (or Xl* = k2*). It is evident
that we must try to use an onboard antenna of the largest possible diameter,
since the radiative power required diminishes with increase of the diameter
of this antenna.

However, the extremum of P, is not sharp, and the required radiative
power increases only slightly with A larger than xopt (with retention of the

ratio X/Dg, i.e., with corresponding increase of the diameter of the ground

antenna). Defining the width of the range of quasioptimal frequencies with
with respect to a power increase of 10 percent in comparison with P, for

A= xopt, we find that with TO = 5OOK (molecular amplifier at the input of the
ground receiver) the lower limit will be Mpax = 17 cm, where the /228

e
equality sign holds with neglect of the term 1'pl in comparison with
256+ 02

T°4~1t4)(469°K . In this case the dimensions of the ground antenna with
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fabrication accuracies of oy = 107 -b and op = 10 - mist be equal to D2 2 106 m

and D2 > 1060 m, respectively. We see that the lower frequencies of the quasi-

optimal range can hardly be realized in practice as a result of constructional
difficulties in the creation of antennas of such gigantic dimensions.

(b) Fo <<(Vipgt + Vp)fg with My < = M.

In this case the communication equation is written in the form

P‘==Akk[ +—P‘4694— gl ](Vinst (I11-17)

16R2A2

b ) fo x’D202

We see that for a given D2, in order to reduce the power consumption on

the radio link, it is advisable to reduce the operational wavelength. The limit
is the value Ao* = 160Ds.

Consequently, the wavelengths Xopt = x*g will be optimal from the power

consumption point of view under the condition that we use a ground antenna
with the maximal possible diameter.

Setting the maximal diameter of the ground antenna equal to D2 = 100 m,
we Tind that the optimal wavelengths with antenna fabrication accuracies of

= 10°% and 1072 will be equal, respectively, to 16 and 1.6 cm. To obtain
the maximal possible power gain, it is necessary to use on board the space-
craft a transmitting antenna with the maximum diameter Dl possible for the

onboard conditions.

The condition F << (v + vD)fO can hardly be realized in practice in

inst

the transmission of telephonic and television signals using the method of
frequency modulation with a high degree of modulation, even in the case of
the absence of compensations for the frequency shift resulting from insta-
bilities and the Doppler effect.

This condition (or its equivalent) is satisfied for the transmission f229
of relatively narrow-band information by telegraphy. Therefore we shall
consider still a third case (frequency keying).
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As we noted above, in this case the conditions

N,=~ 1.27'/—;—NmF—F"‘ and F= 3(vins’-c+\b)f°'

are satisfied. Then

Py =V AN .Fm (Vs nagh ) fo [T., |- 224469

| B0 ] reren
B S Ry

(111-18)

Here, just as in the case (b), the optimal wavelength from the point of
view of power consumption will be Xopt = x*z, under the condition that a ground

antenna with maximal possible diameter is used.

This analysis is not complete, since we have analyzed only the radio
communication systems and have not considered the optical communication systems.
With the appearance of the quantum-mechanical generators and amplifiers in the
optical range (lasers), this range has become promising for use in space con-
munications, and in certain cases for communication between spacecraft and
ground stations (with location of the ground station high in the mountains or
in the desert where cloud cover is slight).

The Laser on Board the Spacecraft. At the basis of the operation of the
quantum mechanical devices--generators and amplifiers--lies the property of
excited, coherently-radiating microparticles of matter to emit under definite
conditions electromagnetic energy in the form of induced radiation of high
power. This radiation excites oscillation in a cavity resonator tuned 230
to the frequency of the induced radiation.

As the cavity resonator in the quantum-mechanical devices use is made of
a system of two parallel plates which form the so-called reflecting cavity
resonator, in which the light waves undergo multiple reflections from the
plates, which leads to the formation of standing waves. The distance between
the plates (on the order of several centimeters) amounts to several thousand
wavelengths of the optical and infrared bands., The reflecting plates must be
ideally flat. The accuracy of the finish of their surface must amount to
amall fractions of wavelengths. This finish accuracy is achieved in the con-
ventional optical devices (ref. 93).

Removal of the useful energy from the resonator is accomplished either
through an opening in the plate (if it is not transparent) or through a plate
made of semitransparent material. Thus, the radiation of the quantum-mechanical
devices of the optical and infrared bands has very high directivity: a very
narrow beam is formed in the device itself in the process of the generation of
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the oscillations. The light wave emerging from the instrument has initially
a flat front. The angular width of the light beam is equal approximately

to the ratio of the wavelength to the dimension (diameter) of the plates of
the cavity resonator--about 0.1° (ref. 94). Further contraction of the

beam can be accomplished with the aid of conventional optieal lenses. In
reference 95 it is indicated that the use of a 500 cm diameter telescope
(maximal achievable diameter of the present telescopes) at a wavelength of

A = 5000 & in conjunction with a laser mekes it possible to obtain a beam

width of 10—7 radians. A beam of this width will create on the Moon (aver-
age distance from Earth to Moon about 384,000 km) a circle of illumination
with a diameter of only 40 m. A conventional projector would illuminate a
circle on the Moon with a diameter of about 4000 km (the best projector
forms a beam width of the order of 0.5°) (ref. 96). The accuracy of fabri-
cation of the surface of the telescope, according to these data, is equal

to

= >" = . _9
0= 6.2:10"7,

which is better than the existing fabrication precision of the surfaces /231
of the microwasve antennas by more than four orders of magnitude.

We should note that the lasers have one essential deficiency--higher level
of intrinsic noise than the analogous receiving devices of the radio frequency
band (masers). This is because along with the induced emission there is spon-
taneous emission creating noise in the output signal in both generation and
amplification regimes. Reference 97 presents comparative data on the sensiti-
vity of the various receiving devices (table III-3).

Analysis of the data of table IIT-3 shows that the sensitivity of the
optical receiving devices is considerably lower than the sensitivity of the
receiving devices of the radio frequency band. Calculations show that /232
the equivalent noise temperature of the laser intrinsic noise is equal to

= 7.2-10u OK, while the minimal equivalent intrinsic noise temperature of
tge maser is equal to about 159K. The spontaneous emission increases with
increase of the frequency. Therefore the quantum mechanical devices cannot
operate efficiently at the frequencies lying significantly above the ultra-
violet range.

In the case of the use of the laser with variation of the operating wave-
length A in the limits 2% <1=2%, ¢where 1*, 2%, are the critical wavelength:

for the smallest and the largest telescopes used), the communication equation
is written in the form
(16)%s2

Pt—Nok[To+T P ey (I11-19)

196



Since with use on the ground of a telescope with mirror diameter of 5 m
the width of the beam at the wavelength A = 5000A is equal to O, = 107 rad,
even for communication with Pluto (maximal distance from Earth approximately

7.5-109 km), the linear width of the beam at the point where the spacecraft
is located (on the planet) is less than the diameter of the planet. Con-
sequently, as the temperature of the external noise T,, we must take the tem-

perature of the planet Tex = To1-
Here we shall again consider two characteristic cases,

(a) Fq>> (vipat + vd)fo with A% < 2==12%,

0]

Let us try to picture the order of magnitude of (vi + vd)fo. Taking

nst
= 50004(5.1072 cm), we find that £ = 0.6-1015 cps = 600,000 Geps. With
Vingt = 1074 we have vp-f = 0.6:1011 cps = 60-103 Mcps. With the transmis-

sion of wide-band television, FO a9102 Mcps. Consequently, for the satisfac-

tion of the condition F,., >> v.

0 nst 0 it is necessary that the frequency shift co-

efficient due to the instabilities and the Doppler effect be of the order of
Vs = 10'8 (this accuracy requires the compensation of the Doppler effect or
the use of frequency heterodyne in the ground receiver in the case of auto-
tuning of the frequency to the gsignal). With satisfaction of this condition,
the required radiative power Py does not depend on the wavelength in the
range 2* <{A=2*, and the operational wavelength can be selected from con-
siderations of convenience.

(v) Fo << (Vipst + vd)fo

This is the case of the transmission of wide-band and narrow-band Z233
signals without compensation for the frequency shifts due to the Doppler effect
and the instabilities.

In this case the required radiative power Pi is inversely proportional to

the operational wavelength. Consequently, the longest wavelength of the range
h*l <A =Xk, dle., Xopt = X*g is optimal from the power comsumption viewpoint.

Thus, we must make the diameter of the ground telescope as large as possible.
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TABIE ITT-3. OPTIMAL CHARACTERISTICS OF OPTICAL RECEIVING DEVICES

Equivalent Optical Maximal
L. . noise frequency modulation
Recelving devices power /1 cps band, frequency,
bandwidth, w cps cps

Thermal lO’lL 1015 --
Photoconductive 10'12 1015 --
Human eye 10-1 3-101k 10
Photoemitter with 10717 1015 109 (max)

subsequent maser

smplifier
Photomultiplier 10717 1015 102
With optical filter 10717 1012(min) 10
With optical heterodyne 1017 107 (min) 108
Optical maser pre- 10718 10”2 (min) 10° (min)

amplifier with

heterodyne

' o © .18 9 ' 7
Incoherent amplifier 10 107 (max) 107 (max)

photon sensor
Microwave 2+10722 109 109

Since the largest diameter of the current telescopes is 5, m, we shall
assume that the optimal operational wavelength is x*g' = 5000 A. In this case

the diameter of the telescope mirror on the spacecraft should also be made as
large as possible to reduce the power consumption even further.
3. Analysis of Doppler Frequency Shift of Spacecraft

Transmitter Located on Planetary Surface

For the determination of the Doppler frequency shift we must know the
projection of the relative velocity vy of the communicating stations (in the

present case Earth and the planet) on the radius vector drawn in the direc-
tion from one station to the other

Af_=o,te. (I1I-20)
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It was shown previously that vy is the derivative with respect to time

t of the distance R(t) between the stations
d
v,=— R ().

It is evident that in this case the Doppler frequency shift is composed
of two parts:

a slowly varying part, due to the revolution of the planet sbout the
Sun;

a rapldly varying part due to the rotation of the planet gbout its own
axis.

We shall determine these components separately. We shall make two
agsumptions which simplify the derivation of the equations considerably and
reduce the accuracy only slightly:

(1) the planet orbits are circular; /234
(2) the planetary orbital planes coincide with Earth's orbital plane.

Let the angular velocities of travel of the planet and Earth about the
Sun be equal to Wy and Wy, respectively. Then, relative to the Sun-Earth

radius vector, the angular velocity of the planet is equal to 0 = W - W,
where (2 < 0 for planets closer to the Sun than Earth and Q > O for planets

more distant from the Sun than Earth, since all planets of the solar system
revolve in the same direction (fig. ITI-1).

>0

Figure IIT-l. Geometry of problem on determinetion of
average distance between Earth and planet as function
of time.
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The slowly varying portion of the Doppler velocity is equal to

d
Ou=gr Rgys
where Ray ig the distance|l between the centers of Earth and the planet. Let
3

us take as our reference the line 00' (case of closest approach of the two
communicating stations).

From the triangle AOB using the cosine theorem we find /235
_ 2 2 s
R =V R+ Ro—2RiR cos O, (TII-21)

where Ri is the radius of the planet's orbit;
Re ig the radius of Earth's orbit.

Differentiating (III-21) with respect to time, we find that

_ RiResinQtQ
V R+ RE—2RiR cos Ot (II11-22)

Ull

The rapidly varying portion of the Doppler velocity is equal to

Cd
U= ar Rt (t):
where Rt is the true distance between the points Sl and 82 on the surface

of Barth and of the planet, with some average distance Ray between the cen-

ters of the planets.
For simplicity we shall consider that the axes of rotation of the planets
are mutually parallel and are orthogonal to the plane of the eccliptic. 1In

practice neither of these assumptions is satisfied. However, as a result of
the fact that v, €v,, the error in the determination of the overall Doppler

velocity v,—uv,,-}-v,, will be small.

The distance between the two points (Sl and 82) on the surface of Earth

and the planet is equal to (fig. ITI-2)

R‘b =V(x, —‘xx)n_l‘(ya'—yl)z . (I11-23)
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Earth

y
5 planet
\J =~ &

Figure III-2. Geometry of problem on determination of distance
between points Sl and 82 on surfaces of Earth and planet as

function of time.
From the figure we see that /236
(I11-24)

X, =Roc08P;, X,=R,, cose; Rav
=R, sin gy, "Y,=R,, sin i,

where RO is the radius of Earth and R, is the radius of the planet.
a

It is evident that ¢,—af, ¢;=w;¢-} =, where w, and w; are the angular

velocities of rotation of Earth and the planet, respectively.

The time t is reckoned from the moment of closest approach of the points
Sl and 82' Differentiating (III-23) with respect to time, and using the fact

that Rav >> ROi and Rav >> RO, we have, with a high degree of accuracy,

Uy = Ry, sin (0 4 %) 0; - Rysin (wgt) wg (1I11-25)

In practical ceuculations the. accounting for the time dependence of both
terms in the equation for the Doppler velocity vy is somewhat inconvenient

because of the difference of the scales. Therefore, we shall consider the
time dependence of only the first term (vll) and assume the second term (vlz)

to be constant and equal to the maximal value V1o max = ROi w; + RO w, .

Thus, we perform the calculation of the Doppler frequency shift with
variation of the relative position of the planets (0 < Qt < 2r) using the
equation

Afp =2 fc_' @+ Ro, 05+ Row, ) =" fo- (III-26)
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The maximal value of the Doppler frequency shift will be equal to

Afp = 2\f7° (QR; 4 Ro,@; + Ro,). (I11-26")

L, Calculation of the Basic Parameters of the
Planet-Earth Radio Link

For the analysis of a specific radio link we must know the distance bet-
ween the communicating points Ray (in the present case the average distance

between Earth and the planet during a day-long period), the magnitude of the
Doppler frequency shift and the angular dimension of the planet from Earth,
The average daily distance between Earth and the planet is determined using
equation (III-21). Let us compute R, = Ray(t) with variation of /238

Qt in the range from O to 2x (synodic period of revolution of the planet about
the Sun relative to an observer on Earth). The results of the calculation are

shown in the curves of figure III-3.1

The frequency shift due to the Doppler effect is determined using Z2h0
equation (III-26), in which it is considered that the frequency shifts may be

of opposite sign.

Let us compute Vg = vd(t) with variation of (It in the range from O to 2x

and present the results in the curves of figure III-k.

The exact values of the period of rotation about their own axes are not
known for Venus and Pluto. For this reason the value of the Doppler frequency
shift for these planets is not determined precisely. However, the error will
be significant only in the determination of the minimal values of the Doppler
frequency shift (with Qt = 0, x), and will be negligibly small in the deter-
mination of the Doppler frequency shift in any other cases of relative posi-
tioning of the communicating points. We determine the magnitude of the
aspect angle of all planets of the solar system from Earth and present the
results of the calculations in the curves of figure III-5.

Wé shall carry out the power requirement calculations for certain char-
acteristic cases which may occur in practice.

lAll curves presented in the present chapter are identified with the corres-
ponding planets using the following digits: 1, Venus; 2, Mars; 3, Mercury;
4, Jupiter; 5, Saturn; 6, Uranus; 7, Neptune; 8, Pluto. )
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Figure III-3. Time variation of daily
average distance from Earth to planet.
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Figure III-4. Time variation of Doppler
frequency shift (as fraction of carrier
frequency f,).
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Omidirectional Antenna on Board the Spacecraft.
(a) Ah;ggﬂ:>1 (strong signal).
Assuming that D21 =25 m and D22 = 100 m, and the antenna fabrication

o = lO'h, we find xo and A with variation of Qt in the range from O to

ptl opto

2x. The results are shown in the curves of figure III-6a and b.

With an antenna fabrication accuracy ¢ = lO')+ the critical wavelengths

. * = | = % = = .
are: My 4 em for D21 25 m and X\ o 16 cm for D22 100 m. In those
< A < A i
cases when xoptl A o1 or xoptg % opr Ve take as the operating wavelength
A= X*gl or A = x*22 (depending on the receiving antenna used).

We carried out the calculations of Pt/Pt min for the determination of the

width of the range of quasioptimal wavelengths (for the condition of increase
of the required radiation power of the onboard transmitter by 10 /242
percent) for the two extreme cases Qtl = 0 and Qt2 = with D21 = 25 m and

D22 = 100 m.

It was found that in all cases the range of variation of the optimal
Y i . < X
wavelengths Xoptl (t) and xoptg (t) is within the range of the quasioptimal

wavelengths, if as the lower boundary of the range of optimal wavelengths we
take x*gl and x*22. This indicates that there is no advantage in varying the

operating wavelength as a function of the variastion of the relative position-
ing of the communicating stations, and that it is only necessary to make a
suitable choice of this frequency.

The wavelengths which are constant in the range O < (it < 2rx, and which
are best from the point of view of power consumption, and the values of the
maeximum power loss with operation at these wavelengths in comparison with
operation at the optimal wavelengths xoptl (t) and Xoptz (t) are presented in

table ITII-4 (Dyy = 25 m) and table III-5 (Dpyy = 100 m).
We carry out the calculation of the required radiation power of ZEhg
the onboard transmitter Ptl and Pt at the operational wavelengths with the

2
use of a ground receiver with a molecular amplifier at the input (TO = 50° K)

and antennas with D21 =25 m, D22 = 100 m, if transmission of a telegraphic
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TABLE III-4
Operating Maximal power loss
Planet wavelength, in percent of Pt min
cm
Venus 1k 2
Mars 9.5 0.5
Mercury 11 0.4
Jupiter 11.5 0.2
Saturn 4.5 0.2
Uranus 5.2 0.2
Neptune b 0.2
Pluto b 0.2

signal (5 baud operating gpeed) is accomplished using frequency keying with a
s/n ratio at the output Nm = 10 (low-frequency filter bandpass width Fm =

5 cps). The results of the calculation are shown in the curves of figures
III-7 and III-8.

It was shown sbove that the condition

2Fm
Nn2m>1
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Planet

Venus
Mars
Mercury
Jupiter
Saturn
Uranus
Neptune
Pluto

in the case when Nm = 10 and Fm = 5 cps is satisfied with Vs fo =

(Vipat + vd) £y < 20 cps.

TABLE III-5

Operating
wavelength
cm

20
16
16.7
16.7
16
16
16
16

We calculate the values of vzl and VZ

100 m and summarize the results in table III-6.

Planet

Venus
Mars
Mercury
Jupiter
Saturn
Uranus
Neptune
Pluto

TABLE IIT-6

2

2

Maximal power loss
in percent of Pt min

NN

FOONDO®O O FWw

|

for the cases D

2

l=25mandD

Required heterodyne
frequency stability

D =100 m

22

13.4.10-9
10.6.10-9
11.2.10-9
11.2.10-9
11.2.10-9
10.8.10-9
10.8.10-9
11.0.10-9

22

We see that in both cases a high stability of the frequency of the ground
heterodyne is required, which is achieved only with the use of a molecular os-

cillator as a frequency standard.

However, there is a way to reduce the re-
quirements on the frequency stability of the ground heterodyne, which amounts
to switching the operation of the radio link over the pulse operation (for

example, pulse-time keying) with a high duty factor M (refs. 35, 21 and 43).
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Figure III-7. Variation of radiated power of onboard .trans-
mitter with time for FT telegraphy, nondirectional

2F,
antenna on board, Nm 7=>1 and D2 = 25 m,

Since the width of the signal spectrum at the low frequency increases by ap-

proximately a factor of M times, both Vzl and vs. increase by approximately
2

M fold. With M > 1,000 the required stability of the frequency of the Z2h6
ground heterodyne can be provided by a gquartz oscillator.

Analysis of the curves of figures III-T7 and ITI-8 shows that even in the
case of compensation of the frequency shifts, resulting from the instgbilities
and the Doppler effect, the power consumptions are significant. In the absence
of compensation for the frequency shifts, the power consumptions will be higher
by sbout n fold, where

. 2 F
n"“V’é‘ 2FoNm *

In the case when f_ = 1,000 Mcps, F =5 cps, N_ = 10, (vinsJG +
we find n = 50, i.e., the power requirements go up by almost two orders.

Therefore, without carrying out detailed computations of the required radia-
tion power Pt’ we can sgy immedistely that at the present stage of develop-

V.) =~ lO-u,

D)

ment it is not possible to maintain long-term radio communication with a
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Figure III-8. Variation of radiated power of onboard trans-

mitter with time for FT telegraphy transmission, nondirec--

tion onboard antenns, N.%’->l and D, = 100 m.

2

spacecraft located in the vieinity of any planet of the solar system, if the

spacecraft utilizes an omnidirectional transmitting antenna and steps are not
taken to compensate the frequency shift due to the various instabilities and

the Doppler effect (ref. 79).

Directional Antenna on Board the Spacecraft.

* = *
(a) FO >> vefo with ¥, = A > A%,

The required radiation power of the onboard transmitter P, depends to a

t
considerable degree on the accuracy of the fabrication of the antenna (Pt is
directly proportional to the square of o). Therefore, one of the ways to

reduce the power consumption on the radio link is the improvement of the ac-
curacy of the fabrication of the ground and onboard antennas. As an example

let us consider two values: ol = 1o‘u, Oy = 10-5. With a diameter of the



ground and onboard antennas D2 = 5 m, the optimal wavelengths are, respectively,

= 0. : = 0.8 mm,
equal to Xoptl 0.8 cm Xopte 0.8 mm

We make a calculation of the required radiation power of the onboard
transmitter Pt with o = lO-LL in the case of the transmission of a wideband

television signal (Fm = 5 Meps, N, = 16, N = 101*) under the condition that a
m

molecular amplifier with effective self -noise temperature TO = 50° K Z2h7

is used at the ground receiver input. The results of the computations are
shown in the curves of figure III-9. We also determine Pt (at = x) for
max

= 1072
95 10 ~.
For the case of the piloted spacecraft it is of interest to know the
power consumption of the radio link with the transmission of speech. We shall
make an analysis of the required onboard transmitter radiation power for the

cagse of transmission of a telephonic signal using FM with Fm = 3 kcps,

No = 16, Nm = th. The other parameters of the radio link are, as before,

(p = 10_4, Ty = 50° K). The results of the computation are

2=Dl=5m’o'l

shown in the curves of figure III-10.
. _ . _ -5
Let us also determine P, . (Qt = n) with o, = 1077,

The existence of a considerable delay of the response of the correspond-
ent as a result of the finite velocity of propagation of the radio waves
presents certain inconveniences for two-way telephonic conversation. Let us
determine the range of variation of the response delay for various cases of
location of the spacecraft. The results are summarized in table ITI-7.

TABLE IIT-7
Planet Delay of correspondent's reply
Venus 4.6 min-28.8 min
Mars 8.7 min-41.6 min
Mercury 12.3 min-24.2 mi
Jupiter 1 h 9.3 min-1 h 42.5 min
Saturn 2 h 22 min-2 h 55 min
Uranus 5 h 02 min-5 h 36 min
Neptune 8 h 03 min-8 h 36 min
Pluto 10 h 40 min-11 h 21 min
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In order to satisfy the condition Fo >> vZfO (for example, by a factor

of 10) with transmission of a television signal from the spacecraft, it is
necessary that the frequency stability of the ground receiver heterodyne be

equal to ”z,=4~15‘10—‘- v:‘—_—.4,15.1'0—‘ respectively, for ¢y and Oy
For transmission of a telephonic signal the heterodyne fregquency /250

stability must be higher: vzl = 2.5-10_7, Ve = 2.5--10'8 and, consequently,
2

here a molecular oscillator appsrently must be used as a frequency standard.

In the case of the transmission of telephonic (coded speech) and tele-
graphic signals it is advisable -to switch to pulse operation of the channel
with high duty factor M in order to reduce the frequency stability require-
ments,

In the present case the condition Fo<&€ vf, with O < (it < 2¢x is not satis-

fied, even with transmission of the telephonic signal. (In the case of trans-
mission of a wide-band television signal without compensation for the frequency
shift resulting from instabilities and the Doppler effect, the opposite condi-
tion is satisfied: F,> v;f,.) Therefore, we shall not consider the transmis-

sion of continuous information (television, telephony) without compensation
for the frequency shift, but shall limit ourselves in this case to the con-
gideration of the transmission of discrete information.

(v) ng§1<<1 (weak signal).

With D, = 100 m and ¢,=—10~*, o,=10-* we find A

o opt, = 16 cm, A

opt, =
1.6 cm.

Let us make the computation (similar calculations were made in reference
121) of the reguired onboard traensmitter radiation power Py for o, =

10-lL at wavelength A = 16 cm with D,=100m, D} =5m, T, = 50° K, if trans-

0
mission is accomplished using frequency keying with a rate of 5 baud (Fm =
5 cps) and the frequency detector is built using the filter discriminator
scheme, where the RF bandwidth is equal to three times the bandwidth of the
channel filter Fk'

Let us consider two cases:

(1) +the bandpass width of the channel filter of the ground receiver
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Figure III-9. Variation of radiated power of onboard
transmitter with time for FM television transmission,

Fo>vslo, 0= 1()"';G'_L= Glmax'

is constant and equal to the maximal frequency shift due to the Doppler
effect and the various instabilities;

(2) the bandpass width of the ground receiver channel is variable and
equal to the instantaneous frequency shift.

We calculate Pt for both cases (Fk = Fko and F, = Fk(t)) with 251

= lO'h and present the results in the curves of figures III-11 and III-12.

%
0,=10—° (with Qt = x).

ILet us determine Pt max for Fp=Fy,

The power consumption on the radio link can be reduced considerably with
transfer of the channel to pulse operation with high duty factor M.

Let us determine gain C in the power requirement of the radio link with
transfer of the channel from operation using frequency keying with Fm = 5 cps

and Nm = 10 to operation using pulse-time keying with M = 10,000, N, = 10
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(same speed of operation), if synchronous reception of the PTM is used, the
receiver being opened at the time of possible arrival of the pulses.
Let us compute C for the values 0y = 10-4 and Op = 102 and the maximal

Doppler frequency shift. We consider that in the case of frequency telegraphy

F, ~3 (Vinst + \)d)fo, end in the case of PTMF, = 2MF + (Vingt + \)d)fo.

We find that with Gl = lO_LF the condition

N, 2F£M> 1

is satisfied and in the case oy = 1072 the condition

2FmM
N T <,

is satisfied.
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Consequently, in the case oy = lO'LL with reception of PTM a linear

detector should be used; then

2MF
N%::AG, Fy

and the gain will be equal to

- Fre
C, = FoNo*

With 02 = 1072 in both cases (FT and PTM) a quadratic detector should

be used, and we find C,=y/M=100 (we consider that F, a=3F2).

We compute C, for various radio links and summarize the results of the

1
calculation in table IITI-8.

TABLE I11-8
Power gain C
Planet n 5

crl=lo (52=lO
Venus 66.5 100
Mars 66.5 100
Mercury 103 100
Jupiter 107 100
Saturn T0 100
Uranus 98.5 100
Neptune 97.5 100
Pluto oL 100

/254

We see that the use of the pulse modulation modes gives & considerable

power gain.

Laser on Board the Spacecraft

(a) Fo> vifo with 7”*2 =\ = )“*1'
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Let us carry out the calculation of the required radiation power of the

onboard transmitter Pt in the case of the transmission of a high-fidelity

television signal (FO = 94 Mcps, NO = 16) using FM (m = 8.4) if the diameters
of the ground telescope and the onboard telescope are D2 =5 m and Dl =1m,

respectively, and operation isg conducted at a wavelength A = 5,00Q“§, The
results of the computation are shown in the curves of figure III-13.

For satisfaction of the condition F > vf, (for example, by a factor of
10) it is necessary to have vz==25.10—{ Consequently, a molecular oscillator
must be used as the frequency standard on the ground.

(b) Fy<gvf, withA%,=21>2*.

Calculations show that even in the case Af = Afd (Qt = 0.) the condi-
min

tion F, € vyf, 1is satisfied for all radio links even with the transmission of
a wide-band television signal (Fo = 94 Meps).

Let us carry out the calculation (similar computations have been made in
reference 121) for the required radiation power of the onboard transmitter
with the transmission of the television signal (FO = 94 Mecps, NO = 16,

m = 8.4) for two cases:

(1) the ground receiver bandpass width at the radio frequency is constant
and equal to the maximal frequency shift due to the Doppler effect;

(2) the ground receiver bandpass width is variable and equal to the
instantaneous freguency shift due to the Doppler effect.

We determine P, and P, for both cases and present the results /260
1 tp
in the curves of figures III-14 and III-15.

(o) NuZimel with A%,—2>1%,
Let us make an analysis of the required radiation power of the onboard
transmitter with the transmission of a telegraph signal, using amplitude keying

(F_ =5cps, N_=10) if 0=62:10-, To=72-10'°K, 4=5000 A, D, =5m, D; =1 m.
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Let us consider the same two cases:

(l) the passband width of the receiver at the radio frequency is constant
and equal to the maximal frequency shift due to the Doppler effect;

(2) the passband width of the receiver at the radio frequency is varisble
and equal to the instantaneous value of the frequency shift due to the Doppler

effect.
and PJC and present the results of the computation in the

2
curves of figures I1I-16 and III-17.

We compute P
t1
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5. Communication Possibilities Within the Solar System

The possibilities of maintenance of two-way continuous radio communication
with a spacecraft located in the viecinity of or on the surface of various
planets of the solar system are limited as the result of the limitations of
the capabilities of the various components of the radio link-power and ef-
ficiency of the onboard high frequency generators, the geometric dimensions
and the accuracy of fabrication of the onboard antennas, the capacity of the
power supplies, etc. Assuming we are given the efficiency of the generator
(€ = 10 percent), the geometrical dimensions and the accuracy of the fabrica-
tion of the antennas, we shall make an analysis of the possibilities of com-
munications within the limits of the solar system only from the point of view
of' the possibilities of long-lif'e power sources for the onboard equipment.

The previous consideration of the various power sources permits us to draw
the conclusion that the only long-life power source for the onboard equipment
at the present stage of development are the solar cells, although this power
source is not as promising as, for example, atomic or nuclear energy 1261
sources.

Assuming the efficiency of a battery of solar cells §' = 10 percent, let
us determine the required panel area of a battery of solar cells in the most
severe cases (maximal length of the radio link, maximal Doppler frequency
shift) for all radio links for which we calculated the power requirements in

the preceding section,

Let us make an estimate of the magnitude of the power which can be taken
from a panel of solar cells of area Sl = 1 m° with the solar battery located

on the surface of the various planets (panel pointed at the Sun). The results
of the computations are summarized in table III-O.

TABLE III-O
Power from solar cell
Planet panel with area S; =1 m", w

Venus 193

Mars 43.5
Mercury 670

Jupiter 3.7

Saturn 1.1

Uranus 0.28
Neptune 0.11

Pluto 0.064
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Let us rike an estimate of the required direct current power PO on board

the gpacecraft for the cases Rav = R and Afd = ANf (assuming that

av max d max

the generator efficiency € = 10 percent), and also an estimate of the required
area of the panel of solar elements S for these same cases.

Let us find PO and S with an omnidirectional antenna on board the space-

craft using FT, Fm = 5 cps, Nm = 10,

2F m *
N 222 >1 | (*)

D21 =25 m, D22

in tables III-10 (D21 = 25), III-11 (D22 = 100 m).

= 100 m; the results of the computation are summarized

Analysis of the data of tables III-]10 and ITI-11 permits us to draw the
following conclusions.

1. With a ground antenna with diameter D = 25 m, a nondirectional

21
antenna on the spacecraft and compensation of the frequency shifts due to

the instabilities and the Doppler effect with an accuracy to tens {262
of cycles per second, constant two-way telegraphic communication with the
spacecraft from Barth can be maintained (5 baud speed of operation), if the
spacecraft is in the vicinity of or on the surface of Mercury, Venus or Mars.

2. With other conditions remaining equal, but with increase of the
diameter of the ground antenna to D22 = 100 m, communications can be maintained

also in a limited number of casesg--with the spacecraft in the vicinity of or
on the surface of Mercury, Venus, Mars and, possibly, Jupiter. If we do not
take steps to compensate the frequency shifts due to the instabilities and the
Doppler shift effect, then, with an omnidirectional antenna on board the
spacecraft and with use of frequency keying, two-way telegraphic communica-
tion cannot be maintained, even with the spacecraft in the vicinity Z263
of or on the surface of the planets closest to Earth.

Changeover of the channel to pulse operation with high duty factor M
(M ~ 10,000) changes the situation, since the case (¥) is realized and, con-
sequently, the two preceding conclusions will be valid (with the condition that
the average transmitter power remains constant).

We determine Po and S with a highly directive antenna on board the space-

craft, television tramsmission, ¢,=10-* 6,=10~"°, D, ;=5 4, F,> v f,for A¥,— A > 2%,
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and summarize the results of the calculations in tables IITI-12 and III-13 (for
o end 0, respectively).

1

Planet

Venus
Mars
Mercury
Jupiter
Saturn
Uranus
Neptune
Pluto

Planet

Venus
Mars
Mercury
Jupiter
Saturn
Uranus
Neptune
Pluto

Planet

Venus
Mars
Mercury
Jupiter
Saturn
Uranus
Neptune
Pluto

TABLE III-10

TABLE IIT-11

Required maximal direct
current power PO, kw

Required maximal direct
current power PO’ w

184
326
126
2,600
5,800
22,000
52,100
90,000

TABLE III-12

Required maximal direct

current power PO, mW

3.5.10°2
1.5
3.95.10-1
7.7
17.4
an
1%0

258

222

Required area of solar

cell panel, m°

13

110

2.5
8,550
73,000
105,000
6,300,000
18,750,000

cell panel, m2

1,400,000

1,800

24,500

590

2,050,000
16,000,000
228,000,000
1,360,000,000
4,050 ,000 ,000

Required area of solar

Required area of solar
cell panel S, e



TABLE III-13

Required maximal direct | Required area of solar
Planet current power PO, W cell panel S, 2
Venus 5.8.10-% 29.5
Mars 1.0.10-2 245
Mercury 5.4.10-3 8
Jupiter 2.75-10-1 73,000
Saturn 1.75-10-1 160,000
Uranus 6.4.10-1 2,280,000
Neptune 1.5 33,600,000
Pluto 2.6 40,500,000

Analysis of the data of tables IIT-12 and ITT-13 permits us to make the
following conclusions:

= 5 m on the ground and on board the
= 1074, the /26M

transmission of high-fidelity television images fromon board the spacecraft is
not possible at the present stage of development if the craft is on the surface
of any planet of the solar system, with the possible exception of Mercury.

1. With antennas of diameters Dl 5
J

spacecraft and with an accuracy of manufacture of oy

2. With antennas of diameter D = 5 m on the ground and on board the

1,2
spacecraft and with fabrication accuracy of Oy = 10'5, transmission of high-
fidelity television images from on board the spacecraft at the present stage
of development is possible only if the craft is in the vicinity or on the
surface of the planets closest to Earth--Mercury, Venus and, possibly, Mars.

We calculate PO and S for the case FO >> VZfO’ with telephony transmission
6, =104, 0,=10"%, A*,==2>2%,6 D, ,=5 # and summarize the results in tables

ITT-14 and III-15.

Analysis of the data of tables III-14k, III-15 permits us to draw Z265
the following conclusions:

1. With antennas of diameter Dl = D2 = 5 m on the ground and on board
the spacecraft and with a fabrication accuracy of oy = lO_u, speech transmis-
sion from on board the spacecraft is possible with it in the vicinity or on

the surface of the planets closest to Earth--Mercury, Venus and Mars.
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TABLE ITI-1h4

Planet

Venus
Mars
Mercury
Jupiter
Saturn
Uranus
Neptune
Pluto

Required meximal direct
current power, w

12,400
45,500
108,000
165,000

Planet

Venus
Mars
Mercury
Jupiter
Saturn
Uranus
Neptune
Pluto

TABLE ITI-15

Required maximal direct
current power, w

2. With antennas of

diameter Dl = D2 = 5mon

Required area of solar

cell panel, m?

1.
17-

0.

1,460
11,700
162,000
1,980,000
2,900,000

W

Required area of solar

cell panel, o

0.02
0.17

0.005
52
112
1,620
9,800
29,000

the ground and on board

the spacecraft and with a manufacturing accuracy of gy = 10'5, speech transmis~

sion from on board the spacecraft is possible with it on the surface or in the
viecinity of Mercury, Venus, Mars, Jupiter and Saturn.

In both cases a molecular oscillator should be selected as the frequency

standard on the ground.

G = Gl max

A*—2>2*, D, =100 m, D

;= 5 m are summarized in

22k

The values of PO and S calculated for the case

FT transmission with Fm =5 cps, N =10 and N,,,Qll:%"‘ <1 with

teble III-16.
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TABLE III-16

Required maximal direct Required area of solar
Planet current power, w o
cell panel, m
o] = 107" op = 1077 oy = 107" Op = 107
Venus 23 1.2 0.12 0,006
Mars 38 1.2 0.87 0.027
Mercury 26 1.1 0.038 0.002
Jupiter W77 hr.7 138.0 14.0
Saturn 672 21.0 610 19.0
Uranus 3,840 120 13,700 430
Neptune 9,020 280 82,000 2,600
Pluto 15,100 470 236,000 7,400

Analysis of the data of table III-16 permits us to draw the following
conclusions:

1. With an antenna on the ground with diameter of D2 = 100 m and a space-

craft onboard antenna with a diameter Dl = 5 m and with a fabrication accuracy

of both antennas oy = lO-u

, transmission of telegraphic information from on
board the spacecraft without compensation on the ground for the frequency
shifts resulting from the instabilities and the Doppler effect is /266
possible with the spacecraft in the vieinity of or on the surface of Mercury,
Venus, Mars and, possibly, Jupiter.

2, With the other conditions remaining the same, but with the antenna

fabrication accuracy o. = 10'5, communications are possible with the spacecraft

2
in the vicinity or on the surface of Mercury, Venus, Mars, Jupiter, Saturn and,
possibly, Uranus.

With switchover of the channel to the pulse methods of operation (OTM)
with high duty factor M, the power expenditures diminish by nearly two orders

-4

of megnitude and two-way communication becomes possible with ol =10 ', and
with the spacecraft in the vicinity or on the surface of Mercury, Venus, Mars,
Jupiter, Saturn and Uranus. With op = "5, and the use of the pulse methods of
operation, telegraphic communication of the spacecraft with Earth becomes pos-
8ible with the spacecraft in the vicinity of or on the surface of any planet
of the solar system.
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We determine PO and S with a laser on board the spacecraft, transmission of
‘o . 4 Co-
television with Fm = 5 Mcps, Nm =10, FO >> VEfo’ D2 =5 m, Dl =1lm, ¢ = 6.2-10 9,

and present the results in teble III-17.

TABLE III-17
Planet Required meximel direct Required area of solar
current power, w cell panel, mg

Venus 6.4 0.33

Mars 138 3.2
Mercury 46 0.07
Jupiter 830 205
Saturn 2,450 2,220

Uranus 8,800 31,500
Neptune 20,800 190,000

Pluto 26,000 565,000

Analysis of the data of table III-17 permits us to conclude that with the
laser on board the spacecraft transmission of wideband television images is pos-
gible from on board the spacecraft with it on the surface of Mercury, Venus,
Mars and Jupiter. Here it is assumed that a molecular oscillator is used as a

frequency standard on the ground.

The values of Po and S calculated for the case of the laser on Z267
L

board and television transmission with Nm =10 , Fm = 5 Meps, FO << vzfo,

D,=5m D =1m o=6.210%F=Af; _  are sumarized in table III-18.

2 1
TABLE III-18
Planet Required maximal direct Required area of solar
current power, w cell panel, mg
Venus 39,800 204
Mars 85,000 1,9%0
Mercury 72,000 108
Jupiter 1,400,000 380,000
Saturn 1,680,000 1,520,000
Uranus 12,620,000 45,000,000
Neptune 29,800,000 271,000,000
Pluto 47,400,000 740,000,000
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Analysis of the data of table III-18 permits us to conclude that with the
laser on board the spacecraft any continuous information (television, tele-
phony) from on board can be transmitted, without compensation on the ground
for the frequency shift resulting from the Doppler effect, only with the space-
craft and on the surface of the planets closest to Earth--Mercury and Venus.

The values of PO and S computed for the case of the laser on board, trans-
F
mission of AT telegraphy with F = 5cps, N =10, N n<<i, D2 =5, D =1mn,

o =6.2:107, F =Af, _, are summarized in teble III-19.

TABLE III-19

Planet Required maximal direct Required area of solar
current power, W cell panel, m2

Venus 0.15 7-10'lL

Mars 0.30 7-10'2

Mercury 0.16 210"

Jupiter 2.96 0.8

Saturn 5.56 5.05

Uranus 29.10 1oL

Neptune 69.0 626

Pluto 115.5 1,800

Analysis of the data of table ITI-19 permits us to conclude that {268
with the use on board the spacecraft of a laser with diameter of the telescope
of the optical system Dl = 1 m, and a telescope with D2 = 5 m on the ground,
two-way telegraphic communication (amplitude keying, N = 10, Fm =5 cps)

m
without compensation of the Doppler frequency shift can be maintained with the
spacecraft in the vicinity of or on the surface of the planets Mercury, Venus,
Mars, Jupiter, Saturn and Uranus.

With switchover of the channel with these parameters to pulse operation
(PT™M) with high duty factor M, the power expenditure is reduced by /M times
(refs. 21 and 43), and with M > 1,000 two-way telegraphic communication can be

maintained between Earth and the spacecraft located in the vicinity of or on
the surface of any planet of the solar system.
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The increased range of communications with the use of laser on board the
spacecraft is completely defined by the ground frequency standards. For
example, if a ground receiver heterodyne frequency stability Vinst = 10_10 is

provided, speech transmission becomes possible (with high fidelity) from the
spacecraft when it is located in the vicinity of or on the surface of any planet

of the solar system.
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CHAPTER IV. EXPERIMENTAL SYSTEMS FOR RADIC COMMUNICATION
WITH SATELLITES AND SPACECRAFT

Chapters I and II presented the theoretical analysis of systems Z269
for surface communication, using relaying of radio signals via ASS and the Moon,
and the calculation of the power requirement of the satellite-Earth radio links;
they also presented estimates of the technical and economic effectiveness of
these communications systems, based on the present level of development of
rocketry and electronics. Chapter III studies--again theoretically--the pos-
gibilities of maintaining two-way radio communication with spacecraft located
in the vicinity (or on the surface) of the various planets of the solar system.
There is already extensive experimental data on maintenance of radio communica-
tion with various vehicles in space--satellites, luniks, space rockets sent to
Mars and Venus, etc. There are also data on experimental systems for surface
communication by means of relaying of radio signals via AES.

It is obviously of interest to present some of this material and to see
how the problems of communication with spacecraft, which were analyzed theoret-
ically in the preceding chapters, have been resolved in practice.

Since at the presgent time the U.S. and the USSR have a monopoly in the
field of launching of satellites and space rockets, we shall consider separ-
ately the communication systems with the space vehicles launched by the USSR
and the U.S.

1. Systems for Radio Communication with Space Vehicles
Launched in the USSR (ref. 82)

In the present section we shall present only brief information on /270
the systems of radio communication used on the space vehicles launched in the
USSR, without a detailed description of the vehicles, their flight trajectories
and the scientific problems solved, since this material goes beyond the frame-
?ork og ;he present book and has been quite well covered in the literature

ref, G2).

First Artificial Earth Satellite. The first artificial Earth satellite,
launched Oct. 4, 1957, was the first space vehicle in the history of man to
send signals to Farth. Thus, this was the first space radio link.

The satellite traveled in an elliptical orbit with apogee to 900 km with
orbital inclination to the equatorial plane of 65°, and had a spherical shape
with diameter of 58 cm and a weight of 83.6 kg (ref. 82). Two radio transmit-
ters were on board, radiating continuously at frequencies of f1 = 20.005 Mcps
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(xl = 15 m) and f, = 40.002 Mcps (kg = 7.5 m). Both transmitters used frequency

keying and transmitted dots with an average duration of the elementary trains of
T = 0.3 sec.

Four whip antennas were installed on the outer surface of the satellite
housing with lengths from 2.4 to 2.9 m. During the injection of the satellite
into orbit, the whip antennas were folded against the rocket housing. After
separation of the satellite, the antennas were pivoted on hinges and took up
a position tangential to the surface of the satellite. The FM signals emitted
by the satellite were used not only for direction finding, but also for the
transmission of information on the conditions on the satellite (temperature,
pressures, etc.). This information was transmitted by means of variation of
the duration of the trains radiated by the transmitters (pulse width modula-
tion). Reception of the signals from the satellite was accomplished both at
gspecial radio reception centers, and by numerous radio amateurs, and complete-
ly confirmed the possibility of reliable radio communication with artificial
Barth satellites (ref. 98). Electric power sources located on board /271
the satellite provided for the operation of all the onboard equipment for a

period of three weeks.

Second Artificial Earth Satellite. The second AES was launched in the
Soviet Union on Nov. 3, 1957. The satellite contained a pressurized cabin
with an experimental animal (a dog nicknamed Layka). The weight of the satel-
lite equipment, the experimental animal and the electric power supplies
amounted to 508.3 kg (ref. 82).

This satellite used the same transmitters as the first AES, operating at
the frequencies fl = 20.005 Mcps and f2 = L0.002 Mcps. The transmitter of the

fl frequency operated in the same regime as on the first AES, while the trans-

mitter on the f, frequency operated intermittently.

2

The radio signals from the transmitters were used both for the measure-
ment of the orbital parameters of the AES and for the study of the propagation

of radio waves.

The second AES traveled along an elliptical orbit with an apogee exceed-
ing 1,700 km with an orbital period of 1 h 42 min, with orbital inclination to

the equatorial plane of approximately 65° (ref. 98).

Radio observations of the AES were made at stations located at differing
geographic latitudes and longitudes by radar direction finding stations and by
DOSAAF clubs. Measurements were made of the field intensity of the signals
from the AES, which permitted an evaluation of the degree of absorption of the
radio waves in the atmosphere, including those regions which lie above the
ionization meximum of the primary ionospheric F, layer. (These regions are

inaccessible for conventional messurements made from the surface of Earth.)
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The measurements showed that at the 15 m wavelength the signals were re-
ceived far beyond the limits of direect visibility, reaching 10,000-12,000
and even 15,000 km (antipodal effect).

Interesting results were obtained from the observation of the Doppler
effect with the aid of recording (on magnetic tape) the variation of the beat.
tone between the frequency of the radio signals from the AES and the frequency
of local stable heterodymne.

Third Artificial Earth Satellite. The third AES was launched on May 15,
1958 in the Soviet Union. The satellite weighed 1,327 kg, and the total weight
of the scientific equipment and the power supplies was 968 kg (refs. 82 /272
and 98).

The satellite shape was nearly conical with a length of 3.56 m and a
maximal diameter of 1.73 m (without accounting for the extended antennas).

The satellite was launched into an elliptical orbit with apogee of 1,880
km. The period of revolution in the beginning was 105.95 min. The number of
orbits per day was about fourteen. The satellite was equipped with advanced
radio technical equipment, which made it possible to conduct accurate measure-
ments of its movement along the orbit, and with radio telemetric equipment per-
mitting continuous recording of the results of the scientific measurements, the
storage of these measurements in the course of the travel of the satellite
and transmission to Earth, as the satellite flew over special stations located
on the territory of the USSR to receive the stored information.

All instrumentation, scientific and radio technical equipment was fabricated
with extensive use of the new semiconductor elements. (The total number of such
elements on board the AES amounted to several thousand.) Electric power supply
wag provided by electrochemical current sources and by silicon semiconductor
batteries, which converted solar ray energy into electrical energy.

The Mayak radio transmitter installed on board the satellite continuously
radiated signals in the form of telegraphic trains at a frequency of 20.005
Meps. The radiation power of 250 mW provided for reception at ranges amount-
ing to several thousand kilometers. Telemetric information was transmitted
over the radio channel of the Maysk transmitter.

The satellite entered the dense layers of the atmosphere on April 6, 1960
and ceased to exist.

First Space Rocket to the Moon. The launches of the first three AES at-
tained the first cosmic (orbital) velocity of 8 km per sec.

The successes of the Soviet Union in the field of rocketry made it pos-
8ible to attain the second cosmic (escape) velocity of 11.2 km per sec, which
mgkes interplanetary flight possible. This made possible the launch on Z273
Jan. 2, 1959 of the space rocket to the Moon. The weight of the last stage of
the rocket was 1,472 kg (without fuel). The following equipment was installed
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on board the last stage of the rocket for flight observation (ref. 82):

--a radio transmitter radiating telegraphic trains of 0.8 and 1.6 sec dura-
tion at frequencies of 19.997 and 19.995 Mcps;

--3 radio transmitter operating on the frequency of 19.993 Mcps with tele~
graphic trains of variable duration of the order of 0.5-0.9 sec, used to trans-
mit data from the scientific observations;

--a radio transmitter radiating at a frequency of 183.6 Mcps, used for
measurement of the motion parameters and for transmission of scientific informa-

tion to Earth.

The flight of the rocket to the Moon lasted 34 hours. At the time of
closest approach of the rocket to the Moon the distance between them was
5,000-6,000 km, i.e., approximately one and a half times the Moon's diameter.

On approximately Jan. 7-8, the Soviet space rocket went into an indepen-
dent orbit about the Sun, becoming its satellite and the first artificial

planet of the solar system in history (ref. 91).

A large complex of instrumentation located over the entire territory of
the Soviet Union was used for observation of the flight of the space rocket,
for measurement of its orbital parameters and for reception of the data of
the scientific measurements from on board.

This instrumentation complex included the following radio facilities:
a group of automated radars for precise determination of the elements of the
initial portion of the orbit; radio telemetry stations for recording of the
scientific information transmitted from on board the rocket; the radio tech-
nical system for the control of the elements of the trajectory of the rocket
at great distances from Earth, and radio technical stations used for the recep-
tion of the signals at the frequencies of 19.997, 19.995 and 19.993 Mcps.

The telemetry information transmitted from on board the rocket was re-
corded at the ground stations on magnetic tapes and photo tapes. To provide
for greater reception range, use was made of high-sensitivity receivers and
special antennas with large effective area.

. Control of the rocket trajectory up to distances of 400,000- [27h
500,000 km was accomplished with the aid of a radio technical system operating

at a frequency of 183.6 Mcps (ref. 91).

Second Space Rocket to the Moon. On Sept. 12, 1959 the Soviet Union
launched the second space rocket to the Moon. The last stage of the space
rocket was a controllable rocket weighing 1,511 kg (without fuel), and con-
taining a compartment in the form of a sphere with scientific equipment with
a total weight of 390.2 kg (ref. 82).
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The following equipment was installed on board the rocket:

--a radio transmitter operating on frequencies of 20.003 and 19.997 Mcps;
--a radio transmitter operating on frequencies of 19.993 and 39.986 Mcps;
--a radio transmitter operating on the 183.6 Mcps frequency.

On Sept. 14, 1959 the Soviet gpace rocket reached the surface of the Moon.
It is difficult to overestimate the importance of this event: for the first time
in the history of man a space flight was accomplished from Earth to another
heavenly body.

Operation of the radio equipment installed in the container with the
gcientific and measuring apparatus stopped at the instant of impact of the
rocket on the Moon. The successful operation of the radio equipment made pos-
sible continuous monitoring of the actual flight trajectory in comparison with
the calculated data, permitted reliable prognostication of impact on the Moon
and made 1t possible to determine the region of the impact (to the east of the
Sea of Serenity).

Third Space Rocket to the Moon. Photographing of the Back Side of the Moon.
Oct. 4, 1959 a multistage booster rocket was used to launch an automatic inter-
planetary station (AIS) toward the Moon. The most important task of the sta-
tion was to obtain a photographic image of the back side of the Moon and to
transmit this image to Earth (refs. 82 and 99).

The AIS was cylindrical with spherical end closures and contained onboard
equipment and chemical power supplies. A portion of the scientific /275
instruments, the antennas and the solar battery sections were located on the
outside. The maximal cross-sectional dimension of the station was 1,200 mm
and the length was 1,300 mm.

The radio technical equipment on board the station provided for the
measurement of the orbital parame%ers of the station, transmission to Earth of
the television and telemetric information, and also the reception of the com-
mands from Earth for the control of the onboard equipment.

All the control of operation of the onboard equipment of the station was
accomplished from ground stations using the radio link, and also by autonomous
onboard programming devices. Such a combined gystem provided for the most
convenient control of the conduct of the scientific experiments, obtaining
information from any regions of the trajectory within the limits of the radio
visibility from the ground observation stations.

The electric power supply system contained autonomous units of chemical
current sources which supplied the equipment, which operated only briefly, and
also a centralized bloeck consisting of a buffer chemical battery. Compensation
for the expended energy of the buffer battery was accomplished by solar current
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sources, The supply of the onboard equipment was provided by means of convert-
ing and stabilizing devices.

The process of the photography of the lunar surface and the processing of
the film was accomplished automatically according to a preset program (ref.
99). On termination of photogrephing, the film entered a small automatic
processing device, where it was developed, fixed and dried. After this the
film entered a special cassette for the transmission of the image.

The transmission of the images of the Moon was accomplished on command
from the ground. These commands energized the power supply for the onboard
television equipment, the film advance, and the connection of the television
equipment to the onboard traunsmitter. For the extremely long distance trans-
mission with very low transmitter power (several watts), use was made of a
rate of transmission of the image which was tens of thousands of times slower
than the rate of transmission of the conventional broadcast television cen-
ters (ref. 99). Provision was made for transmission of the images in two
regimes: & slower transmission at the greater distances and a faster trans-
mission at the shorter distances, during the return flight toward Earth. Z276
The number of lines into which the imege was broken down could be varied as a
function of the selected transmission regime., The maximal number of lines
was 1,000 per frame (ref. 99). For synchronizing transmitting and receiving
scanning devices, use was made of a method which ensured high noise immunity
and high reliability of the operation of the eguipment.

The radio link provided for two-way transmission of radio signals. The
uplink carried the command signals which controlled the operation of the on-
board equipment. The downlink carried the television signals, the signals
with the indications of the scientific instruments and the signals for the
measurement of the parameters of the motion of the station itself. The ground
equipment included powerful radio transmitters, high-sensitivity receivers
and recording equipment, and also the receiving and transmitting antenna
equipment. The onboard radio equipment of the automatic interplanetary sta-
tion included the transmitting, receiving and antenna equipment, and also the
command and programming radio technical devices.

The images of the Moon were transmitted from on board the AIS over the
radio communication line, which at the same time served for the measurement N
of the parameters of the motion of the station itself.

This combination of functions i a single radio communication line with i
continuous radiation was accomplished for the first time, and made it possible ’
to provide reliable radio communication up to the maximal distances with the

least energy consumption on board. g

All equipment of the redio communication link, both on the ground and on ‘
board, was duplicated in order to improve the communications reliability. In :
the case of failure of one of the radio technical instruments on board or the L
end of its progremmed service life, it could be replaced by the reserve instru-
ment by transmission of the proper command from the ground control station.
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The onboard radio equipment utilized semiconductors, ferrites and other
advanced components and materials. Special attention was devoted to achieving
minimal weight and volume of the instruments, which made it possible to in-
crease the weight and volume available for the electric power supplies. From
considerations of conservation of electrical energy, the power radiated by the
onboard radio transmitters was limited to a few watts.

The power for the onboard equipment of the interplanetary station was
supplied from self-contained units of chemical power supply sources and from
a centralized power supply system. This system included a solar battery, whose
individual sections were located on the external surface of the spacecraft,
and a chemical buffer battery. The consumption of the energy of the buffer
battery during operation of the onboard equipment was compensated by the
energy coming from the solar battery. The onboard equipment was supplied
through transforming and stabilizing devices.

In order that communication with the station was not interrupted as it
rotated, the station antennas radiated radio signals uniformly in all direc-
tions.

The signal received on Earth was very weak. At the maximal distance of
the station from Earth, the received portion of the power radiated by the on-
board transmitter was 100 million times less than the average power received
by a conventional television receiver. Reception of such weak signals could
be accomplished only by very sensgsitive receiving devices with a low level of
self -noise.

The economical utilization of the power supplies on board the station,
the use of a radio communication link with continuous radiation and combined
functions, the use on the ground of special receiving antennas, high-sensiti-
vity receiving equipment, the use of special methods for the processing and
the transmission of the signals--all this made it possible to ensure reliable
radio communication with the AIS, trouble-free operation of the radio command
link and the accomplishment of the planned reception of the images of the
Moon and the telemetric information.

The reception on Earth of the signals of the Moon images was accom-
plished on special devices for the recording of the television images on
photographic film: on magnetic recording equipment with high stability of
the magnetic tape travel speed, on skiatrons (cathode ray tubes with long-
term storage of the image on the screen), and on equipment for visual record-
ing with registration of the image on electrothermal paper. The data ob-
tained from all forms of recordings were used for the study of the back Z278
side of the Moon.

The radio and television equipment on board the ATS provided for trans-
mission of the images up to a distance of 470,000 km (refs. 82 and 99).

This operation gave experimental confirmation of the possibility of trans-
mission in outer space at extremely great distances of half-tone images of high
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clarity without significant specific distortions in the process of the propaga-
tion of the radio signals.

Launch of the First Spacecraft-Satellite with Experimental Animals. The
launch of a large spacecraft into an Earth satellite orbit was accomplished on
Aug. 19, 1960. The cabin, equipped with everything necessary for the future
flight of man, contained experimental animals, including the dogs named Strelka
and Belka. The satellite spacecraft was injected into a nearly circular orbit
with an altitude of about 300 km; the weight of the spacecraft without the
last stage of the booster rocket was 600 kg (ref. 82).

The spacecraft carried radio telemetry equipment for transmission to
Earth of data on the status of the experimental animals and the operation of
all the systems installed on board.

This equipment operated in two ways:
(a) direct transmission of the telemetry information;

(b) memorizing (storage) of the information, with its later transmission
during flight over the receiving stations.

The power supply for the onboard equipment was provided from cuemical
current sources and from a solar battery. The solar battery was located on
two semidisks of 1,000 mm diameter oriented to the Sun by a special system
independently of the attitude of the spacecraft.

Special television equipment was installed on board for the transmission
of the image of the experimental animals. This equipment included two miniature
television cameras, one transmitting a front view of Belka and the other a/279
side view of Strelka. The television transmission began before liftoff of the
spacecraft, and the condition of the animals was observed during liftoff, at
the time of transition from accelerated flight to weightlessness and in orbit.
The cameras were turned on and off by the radio link from Earth.

During the 18th orbit of the ship the descent command was sent over the
radio link. The systems for the control and deceleration installed on board
the satellite provided for descent of the ship at the designated point with
an accuracy of sbout 10 km.

Thus, for the first time, living creatures had completed a space flight
and successfully returned to Earth. In addition, the transmission of images
of moving objects was accomplished for the first time,

Launch of a Space Rocket to the Planet Venus. On Feb., 12, 1961 in the
Soviet Union an advanced multistage rocket launched a heavy AES into a cir-
cular orbit about Earth (with h ~ 200 km). That same day a controlled space
rocket was launched from this satellite, which injected an AIS into a trajec-
tory to the planet Venus (ref. 82).
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An automated electronic instrumentation complex was developed for the
control of the AIS, determination of its orbit and for two-way communication
with the AIS.

The development of the complex faced Soviet scientists and engineers with
a number of serious problems associated with the provision for communication
over tremendous distances, with rigid requirements on the accuracy of the deter-
mination of the coordinates and on the reliability of the operation of the
equipment in the course of a long period of time.

The entire trajectory of the flight of the space rocket can be divided
arbitrarily into three segments: the segment of the flight of the heavy ar-
tificial Earth satellite, the segment of the launch of the space rocket from
the heavy satellite and the segment of the motion of the AIS under the in-
fluence of gravitational forces in the direction of Venus.

The measurement of the elements of the trajectory of the heavy satellite
was accomplished by special equipment located on the territory of the Soviet
Union. Information on the operation of the components and systems {280
of the satellite was received by the radio telemetry stations located both in
the Soviet Union and on board special ships in the oceans. The launch of the
space rocket from the heavy satellite was monitored by the telemetry systems.

After separation of the ATS, the ground-based instrumentation complex
intended for the conduct of the orbital and telemetric measurements came into
operation. At each instrumentation station of the ground-based network there
were installed special radio and electronic transmitting and receiving record-
ing devices, parabolic antennas with equipment for programmed tracking.

The determination of the actual orbit, when the AIS was at a distance
from Earth greater than 100,000 km, was accomplished by the electronic equip-
ment of the Center for Deep Space Radio Communication, which provided for
reception of the telemetry information and the control of the equipment on
board the ATS throughout the flight. The radio command link was used to turn
on and off the corresponding instruments of the AIS, to change the rate of
transmission of the telemetry information, to switch the power supply sources,
ete.

The operation of all equipment during the most remote portion of the
flight of the AIS was controlled by a special program, which determined the
duration of the communication periods, the intervals between these periods
and the .operating regime of the egquipment.

For the reception of the radio signals at extremely great distances use
was made of narrow-band, low-noise receiving equipment, which required precise
computation of the frequency shift due to the Doppler effect.

With the interplanetary station at distances measured in tens and hundreds
of millions of kilometers, the signal power reaching Earth is very small. Thus,
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for example, at a distance of 70 million km only 10722 W arrives on one square
meter of Earth's surface. For the reception of these very weak signals large
antenna structures were built in the Center for Deep Space Radio Communica-
tion, to track the ATS automatically in accordance with a program.

The antenna could be pointed to any point of the celestial sphere with
an accuracy of a few angular minutes. The tracking programs were automatically
entered into an electronic computer which controlled the antennas.

Four antennas were installed on the outside of the spacecraft. f281
One of them--highly directional--had the shape of a paraboloid with a diameter
of gbout 2 m; it was intended for communication with the interplanetary sta-
tion at great distances from Earth and transmission of a large volume of in-
formation in the course of a short period of time. The two cruciform antennas
installed on the solar battery panel were nondirectional and were intended for
communication at moderate distances from Earth. An omnidirectional antenna--
"a whip 2.4 m long--was intended for the transmission of information and the
determination of the trajectory parameters in the near-Earth segment.

The maximum dimensions of the station (without account for the antennas
and solar batteries) were 2,035 mm in length and 1,050 mm in diameter.

The weight of the AIS was 643.5 kg.

Until the separation of the station from the space rocket, the solar
battery panels and the cruciform and whip antennas were folded and were ex-
tended immediately after separation. The parsbolic antenna was to be opened on
approach to Venus.

The electronic complex of the AIS resolved the following problems:

--measurement of the parameters of the motion of the station relative
to Earth; -

--transmission to Earth of the results of the measurements made by the
scientific equipment on board;

--transmission to Earth of information on the operation of the onboard
instruments, pressure and temperature inside the vehicle and skin temperature;

~-reception from Earth of the radio commands for the control of the opera-
tion of the onboard equipment.

The control of the operation of the onboard equipment of the station was
accomplished by means of transmission of commands over the radio link from
the ground stations and also by self-contained onboard programming devices.

Periods of communication on both uplinks and downlinks were accomplished
successfully up to distances of several million kilometers; after this com-
munications were terminated for reasons not known. Thus, for the first time
the launch of a controlled vehicle from an artificial satellite of {282
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Earth into an interplanetary trajectory was accomplished as well as control
of the vehicle at distances of several million kilometers (ref. 82).

The First "Vostok" Piloted Spacecraft. On Apr. 12, 1961 in the Soviet
Union, flight of man into cosmic space was accomplished for the first time
in history. The Vostok spacecraft with pilot-cosmonaut Yu.A. Gagarin of the
USSR on board was injected into orbit as a satellite of Earth, The weight of
the spacecraft without the last stage of the booster rocket was 4,725 kg.
The orbital perigee altitude was 181 km, the apogee altitude was 327 km and
the orbital inclination was 6LO57' (ref. 82).

A multitude of radiometric and radiotelemetric devices was installed on
board the spacecraft for the measurement of the orbital parameters and for the
monitoring of the operation of the onboard equipment. The measurements of
the parameters of the motion of the gpacecraft and the reception of the tele-
metric information during flight were performed by ground-based stations
located on the territory of the USSR. The measurement date were transmitted
automatically over communication lines to the computer centers, where they
were processed on electronic computers. Thus, in the course of the flight,
operational information was obtained on the principal orbital parameters,
and the future path of the ship was predicted.

There was also a signal radio system on board the spacecraft operating
on a frequency of 19.995 Mcps. This system served for tracking the ship and
for transmission of a portion of the telemetric information.

The television system transmitted to the ground an image of the cos-
monaut to provide visual monitoring of his condition. One of the television
cameras presented a face view and the other a side view of the pilot.

Two-way communication of the cosmonaut with Earth was provided by a
radiotelephone system operating in the shortwave (19.019 and 20.006 Mcps) and
ultrashortwave (143,625 Meps) bands.

The UHF channel was used for communication with ground stations at Z283
distances up to 1,500-2,000 km. Experience showed that communication using
the HF channel with ground stations located on the territory of the USSR could
be provided over most of the orbit.

The radiotelephone system included a magnetic recorder which permitted
recording of the cosmonaut's speech in flight, with later reproduction and
transmission during flight of the spacecraft over the ground receiving sta-
tions. Provision was also made for radiotelegraphic transmission from the
spacecraft.

The first flight of man into cosmic space in the history of mankind,
accomplished by the Soviet cosmonaut Yu.A. Gagarin on the Vostok spacecraft,
provided a tremendous amount of scientific information on the practical pos-
8ibility of manned flight into space and opened up a new--cosmic--era in the
history of man.
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After the flight of Vostok-1 came the flight of Vostok-2 with pilot-
cosmonaut Major G.S. Titov on board; the dual flight of P.R. Popovich and
G.A.G. Nikolayev (Vostok-3 and Vostok-4), the flight of V.F. Bykovskiy and
the first woman-cosmonaut V.V. Nikolayeva-Tereshkova (Vostok-5 and Vostok-6).

Consistent telephonic and telegraphic communication with all cosmonauts
was provided on the HF and UHF bands, and regular transmission of television
images of the cosmonauts and the interior of the spaéecraft cabin from space
was accomplished. The quality of the images transmitted was considerably
better than the quality of the images of the astronauts transmitted from on
board ?he inhabited spacecraft of the U.S. (flights of Cooper, Glenn and
others).

Launch of the Space Rocket to the Planet Mars. On Nov. 1, 1962 the AIS
Mars-1l was launched in the Soviet Union toward the planet Mars.

The maximal dimensions of the station were: 3,300 mm long, 1,100 mm
diameter of the orbital compartment and 4,000 mm diameter with account for
the solar batteries and the radiators. The station weighed 893.5 kg.

The station was equipped with radio technical apparatus, a system.for{ESh
orientation and correction of the trajectory, electric power supply sources.
The onboard radio systems were used for the trajectory measurements and the
transmission of the telemetry information to Earth.

Three radio systems were installed on board the station, operating in
the metric (1.6 m), decimetric (32 cm) and centimetric (5 and 8 cm) bands.
For the trensmission of telemetry information there were several commutators
installed on board the station which were connected in sequence to the scien-
tific apparatus transmitter and to the sensors recording the status of the
station during the time of radio communication with Earth. The memory device
recorded the indications of the scientific instruments during the periods
between communications and transmitted the information to Barth during the

communication periods.

In addition to the transmission of the information on the status of the
station, the radio complex operating in the metric wavelength band served
for maintaining communication with Earth in the case of abnormal operation of
the orientation systemn.

The periods of communication with the station were controlled both auto-
matically and on command from Earth. The program for the operation of the
onboard systems provided for automatic communication periods with intervals
of two, five and fifteen days., BSelection of the interval between the com-
munication periods was made using the radio command link from Earth. The
intervals between communicgtion periods were required, first, in order that
the solar batteries could charge the buffer chemical battery whose energy is
consumed during the communication periods and, second, in order that the com-
munication taeke place at a time of best radio visibility of the station, which
repeats every day as a result of the rotation of Earth sbout its axis.
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Prior to Dec. 13, 1962, the station operated in the mode with regular
contact every other day; then the communication contacts were made every five
days. FEach contact began with the reception of telemetry information contain-
ing the results of scientific measurements and data on the conditions in the
station, the measurements of its velocity and range. Then, on command from
Earth, the memory device was activated for the reproduction of the Z285
previously recorded information. The contact terminated with the reception
of the telemetry information on the status of the station at the termination
of the operation.

By Feb. 14, 1963, the interplanetary station had reached a distance of
about 50 million km from Earth. During this time a large number of radio con-
tacts had been made, and valuable scientific information had been transmitted
over the radio telemetry link.

The maximal range of communication with the Mars-1 space rocket was about
100 million km. Thus, the Soviet Union was in the lead not only in the develop-
ment of near-Earth space, but also in the mastery of interplanetary (deep)
space. Communication with the U.S. space rocket Mariner was maintained only
to a distance of 80 million km (refs. 100 and 101).

2. Systems for Communication with Space Vehicles
Launched in the U.S.

The first AES was launched by the U.S. in 1958--a year after the first
launching of an AES in the USSR. Since that time work has gone forward both
in the direction of the study of "near" space (study of the radiation belts,
cosmic rays, meteor fluxes, Earth's magnetic field, man in space, etc.) and
the study of "deep" space (the study of the properties of the interplanetary
medium, the study of the plenets of the solar system, etc.). Experiments are
also being conducted on the study of the possibilities.of the use of AES as
relay stations (active and passive) for surface commmnications systems. We
shall dwell in somewhat greater detail on this last question.

Work on the creation of the first communications satellites has been
carried out in the U.S. by several firms under the direction of NASA and ARPA.
At the present time firms of other foreign countries (England, France, West
Germany, Italy, Japan, Brazil) are also participating in the studies of /286
the creation of experimental systems for surface communications by means of
relaying via AES.

Experiments have been conducted on both passive and active relaying of
radio signals via AES.

The first active radio repeater, Score, was launched on Dec. 18, 1958

from Cape Canaveral, using an Atlas booster into an inclined (i = 32.3°)
elliptical orbit with an apogee h = 1,481 km and a perigee hp = 177 -km.
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The satellite consisted of the Atlas booster rocket itself, with length
25.7 m and diameter 3.04 m. The satellite equipment consisted of 2 trans-
ceivers operating at frequencies of 132.435 and 132.095 Mcps. Operation was
in the delayed relay mode. Storage of the signal sent by the ground trans-
mitting station was accomplished by recording on magnetic tape (ref. 102).

The Score AES receiver was a modification of a commercial FM receiver
of the superheterodyne type using semiconductors. The frequency band was UHF
with a nominal value of 150 Mcps, The receiver sensitivity was 2 pV with an
IF amplifier bandpass width of 40 kcps. The receiver weighed 340 g and the

power consumption was 2.5 W.

The onboard transmitter was a vacuum-tube FM transmitter with frequency
deviation of 5 keps, radiation power of 8 W and power consumption of 39 W.
The power supply consisted of 18 V, 45 A-hr silver-zinc batteries.

Reception and transmission were accomplished on two separated antennas
of the slot type, having an approximately isotropic pattern; the satellite
was not stebilized (ref. 102).

Transmission and reception of the information was accomplished by four
ground stations equipped with transmitting and receiving cophased antennas of
the quadspiral type, with diameter of each spiral 0.75 m, length 3.6 m and
gain of 9-16 db with respect to an isotropic radiator. Antenna polarization
was circular. Manual and semiautomatic antenna control was used. The radia-
tion power of the ground transmitter could be either 1 or 0.25 kW.

The duration of communication was about 4 min per orbit (Tc = /287

1 h 41.6 m) of the satellite. Relaying of one telephone or 7 teletype chan-
nels was accomplished. The satellite was in operation for 34 days and burned
up on entry into the atmosphere on Jan. 21, 1959,

Courier IB. The second active radio relay station, Courier, was launched
on Oct. 4, 1960 from Cape Canaveral by a Thor-Able-Star booster into an in-
clined orbit with i = 289, h, = 1,270 km, hp = 970 km and T, = 106.9 min (ref.

103). The satellite was a plastic sphere 129.5 cm in diameter. The equipment
consisted of four transceivers (frequency of 150 Meps for transmission of com-
mands and 1,900 Mcps for communications), magnetic memory devices and power
sources-~-~solar cells and chemical batteries. The total weight of the satel-
lite was 226.7 kg, and the equipment weight was 135 kg.

The equipment operating at the 150 Mcps frequency was analogous to the
Score equipment. The passband of the FM receiver at the 1,300 Mcps frequency
was 550 kcps, the noise factor was 14 db. Slot antennas with 4 db gain and
circular polarization were used for transmission and reception.

The power radiated by the onboard transmitter (vacuum tube) varied in the
range of 5-8 W, the power consumed was 80 W. Transmission was FM with
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deviation of 100 kecps. The frequency stability was v, = 5-10'6 (ref.

%
104). ns

The primary power source consisted of 19,152 silicon solar cells located
on the outer surface of the satellite and having an efficiency of 8.5 percent.
The buffer stage was 28-32 V 10 A-hr nickel-cadmium batteries.

Communications were established between two ground stations--one at Fort
Mornmouth, New Jersey, and the other in Puerto Rico--in both delayed relay and
real time modes (ref. 104). The ground stations were equipped with dish an-
tennas 8.53 m in dismeter with a gain of 19 db in the search regime and = /288
43.5 db in the tracking mode and receivers with & noise coefficient of 12 db.
Antenna control was semiautomatic. The tracking error amounted to 0.5-0.25°,
The beam width of the communications antenna was 18° in the search mode and
1.39 in the tracking mode. The duration of communications was 5 min per orbit
of the satellite. Relaying of telephonic and telegraphic radio signals was
performed. In order to provide reliable reception of the satellite signals,
four receivers were installed at the ground station, using a 4-fold frequency
and polarization diversity scheme (refs. 105 and 106). The satellite was in
gservice for one year.

The Telstar System. The development of the Telstar communications satel-
lites began at the Bell System firm in 1958. An experimental communications
system has now been constructed. The Telstar system includes five ground
communications stations. Two of them are in the U.S.--the first (primary) in
Andover, Maine, the second in Holmdale, New Jersey--and three in Europe: the
British station in Goonhilly, the French in Pleumeur-Bodou, and the Italian
in Fucino. The telemetry data from the Telstar satellites are received by a
network of Minitrack stations on the frequency of 136 Meps.

The first active Telstar relay station (Telstar-1) was launched on July
10, 1962, into an inclined (i = 44.8°) elliptic orbit with h, = 5,600 km,

hp = 950 km, Tc =2 h 38 m, using a Delta booster from Cape Canaveral (ref.
103). The Telstar satellite is & sphere 87 cm in diameter and weighing 77

kg and is intended for active relaying of radio signals in real time, BSimul-
taneous relay of 600 simplex telephone channels, or 12 duplex telephone chan-
nels, or 1 television channel is possible. FM operation is used in all cases,
The communications frequencies are 6,389.58 Mcps on the uplink and 4,169.72
Mcps on the downlink (ref. 107).

We shall present some data on the various components of the radio channel.
The ground station transmitter consists of four parts: the FM 1289
deviator, the modulator-amplifier, the carrier source and the power amplifier.

The power amplifier uses a TWT and has a meximal output power of 2 kW. The
maximal frequency deviation is Af = 10 Mcps.
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The ground receiving-transmitting antenna at Andover is a horn-reflector

antenna with an ares of 334 m2, covered with an inflatéble protective dome.
The antenna gain at the transmitting frequency (6,330 Mcps) is 61 db and at
_the reception frequency (4,170 Mcps) is 58 db. The half power point width of
the main lobe is, respectively, 0.16 and 0.23°. The level of the side lobes
is less than -20 db (ref. 108).

The meser receiver and power stage of the transmitter are mounted near
the horn apex to reduce feeder losses to a minimm (to 1 db).

The Telstar AES relay is designed using a circuit without demodulation
of the signal with primary amplification at the IF. The level of the FM
radio signal arriving at the relay station from the ground station is equal
to about 60 db mW. A crystal mixer is installed at the input to reduce the
frequency from 6,389.8 to 90 Mcps. '

The conversion losses are 7 db. The IF amplifier with a passband width
of 50 Mcps gives an amplification of 65 db in 14 transistorized stages. The
noise factor of the onboard receiver is 16.5 db. In the balanced converter
consisting of a heterodyne (4,079.73 Mcps) and a shift mixer, the 90 Mcps
frequency is increased to 4,169.72 Mcps and applied to a TWT having a gain
of 37.5 db. With accounting for the losses in the feeders, the AES antenna

radiates a power of 2.1 W,

The onboard receiving and transmitting antennas are an assembly of in-
dividual radiators, built in the form of rectangular segments of a waveguide.
The waveguide segments form two strips located on both sides of the equatorial
plane of the satellite (ref. 108). The transmitting antenna contains 48 seg-
ments and the receiving 72. Each radiating element gives a circularly
polarized wave, In the equatorial plane both antennas have patterns differ-
ing from the pattern of an isotropic radiator by no more than 2 db. /290
In the polar plane the pattern has considerable scalloping. The gain of the
transmitting and receiving antennas is equal to O db. The FM gignal radiated
at the frequency of 4,169.72 Mcps by the satellite transmitting antenna is
received by the ground station antenna. As an example let us consider the
satellite-Andover station link. As we mentioned above, at the frequency of
4,170 Mcps the receiving-transmitting horn antenna has a gain of 58 db. The
signal incident on the ground antenna is very weak--its level is equal to
about -93 db mW. Directly on the antenna is mounted a ruby traveling wave
maser (cooled to 2°K), having a passband of 25 Mcps and a gain of 35 db
(ref. 108). The overall noise temperature of the maser is 3.59%.

The overall noise temperature, referred to the receiver input, at the
frequency of £ = 6,150 Mcps with an elevation angle of 7.5° is equal to L20K
(atmospheric, Earth, protective dome, feeder, maser, following stage noise).
Calculations show that the minimal s/n ratio (with the greatest distance of the
satellite from the Andover station) at the receiver input on the ground is
equal to 15 db. Considering that on the ground use is made of an FM receiver
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with tracking filter, we can conclude that the input s/n ratio is considersably
above the threshold. Thus, we would expect good quality of the signals being
relayed. Experience has confirmed this.

The design of the Telstar satellite was intended to provide a service
life of two years. The problem of providing power for the onboard equipment
over such a long period of time was resolved by the use of solar batteries
and storage batteries, The solar batteries are the primary source of the elec-
tric power. Elements of the n-on-p type were selected for the cells of the
solar batteries. For protection from radiation the elements were covered with
a layer of synthetic sapphire 0.76 mm thick. The 3,600 cells were in 50 groups
of T2 series-connected cells in each group (ref, 107). The initial /291
nominal power at 28 V was 14 W with any orientation of the satellite relative
to the Sun. With the satellite in the shaded zone the equipment is supplied
by a battery of 19 nickel-cadmium hermetic storage batteries with an output
of 16 V. TFor supply of the TWT high voltage circuits the 16 V output is con-
verted in a transistorized invertor, then rectified in four rectifiers.

The duration of the communications on the U.S.-Europe link via the Tel-
star-l satellite was about two hours a day. The quality of the transmitted
television images varied from good to excellent (ref. 108). After more than
four months of successful operation the command link failed. It has been
established that the most probable cause of the failure is the surface damsge
to certain transistors of the decoder of the command link as a result of the
?ction of)radiation, as the satellite passed through the inner radiation belt,

ref., 107).

On May 7, 1963, the Telstar-2 communications satellite was launched, an
87 cm diameter sphere (just as the Telstar-1), weighing 79 kg. The orbit
parameters were: inclination 43°, apogee 12,100 km, perigee 1,060 km, period
221 min.

The parameters of the onboard equipment were the same as those of the
Telstar-1. Just as Telstar-1, Telstar-2 was intended for real-time relay of
either 600 simplex telephone channels, 12 duplex telephone channels or one
television channel. Thanks to the higher orbit than Telgtar-1, the time of
simultaneous radiovisibility of Telstar-2 in the U.S. and Europe was greater
than for Telstar-1l. All components of the equipment of the Telstar-2 satellite
were subjected to more intensive testing and more careful selection than had
been done in the case of the Telstar-l1 satellite. Plans have been made for
certain modifications in the ground equipment at Andover. Tracking of the
satellite by the horn antenna will be accomplished directly from the signals
of the microwave beacon. It is also proposed to increase the passband width
of the maser of the ground receiver to 50 Mcps.

The Relay Satellite. On Dec. 13, 1962 the Relay communications /292

satellite was launched. The orbit parameters were: inclination i = 529,
apogee h, = 7,420 km, perigee h, = 1,319 km, period To =3 h 06 m (ref. 103).
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The satellite of the Relay series is an eight-sided prism with maximal
dimensions of T4 cm, height of 48.3 cm; the upper portion is a truncated eight-
sided pyramid with height of 40.6 cm. The satellite weight is 68 kg (ref. 103).
The purpose is the relaying of a single television transmission or 600 simplex
telephone transmissions, and also the provision of duplex and other modes of
communication., On board the satellite there are two independent repeaters
operating with a common antenna, each of which can be energized on command
from Earth. The operating frequency for the uplink is 1,725 Mcps, and for the
downlink it is 4,170 Mcps (just as for the Telstar satellite) (ref. 109).

At the ground stations (just as with the Telstar satellite system) use is
made of 10 kW klystrons having a passband of 10 Mcps. Thus, the width of the
signal spectrum (FM) on the uplink cannot exceed 10 Mcps, and with the relay-
ing of television in this case the advantages of FM, which show up with high
values of the modulation index, cannot be realized. For the realization of
these advantages on the downlink, provision is made on board for frequency
tripling (increase of the modulation index by a factor of three) by means of
varactors, which provide the required s/n ratio on the downlink. Experiments
have shown that with an output power of the onboard transmitter of 10 W and
the greatest separation of the satellite and the Andover station, with the
relaying of television there is a margin of 6 db above the threshold value

(ref. 109).

The satellite receiver is fully transistorized, the heterodynes have
quartz crystal stabilization and the frequency multipliers use varactors. A
TWT is used as an amplifier.

The onboard receiver has a noise coefficient of 12 db with a passband
width of 25 Mcps. The satellite antenna is an omnidirectional slot with /293
circular polarization (for transmission and reception).

The primary source of electric energy consists of 8,215 solar cells.
The power derived from the solar battery panel is 68 W. When the satellite
is in the shade, the equipment power is supplied by sgilver-cadmium storage
batteries. The battery capacity is 100 W at 24 V.

The solar cells are protected from various external influences by a
quartz coating (ref. 110). During the lifetime of the first Relay AES, 2,000
experiments were conducted on the establishment of transoceanic communications
(color television, telephony, telegraphy, phototelegraphy). At the present
time these experiments are being continued with other satellites of the Relay
geries--Relay-2 and Relay-3.

The Syncom System. On Feb. 1k, 1963 a Delta booster launched the first
synchronous satellite, Syncom-1, from the Atlantic Test Range. The actual
orbit parameters were: inclination 33°51', apogee h, = 37,022 km, perigee

h, = 34,185 km, period 1426.6 min, drift rate to the east 2.86° per day.
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The satellite was manufactured by the Hughes Aircraft firm and had a
cylindrical shape with diameter of 71.l cm, length of 39.3 cm, weight 38.6 kg
(ref. 103). The satellite was spin-stabilized (refs. 111 and 112).

The operating frequency of the uplink for the Syncom system was 7,360
Mcps and for the downlink was 1,820 Meps.

The receiving antenna on the satellite was a slotted dipole with gain of
2 db, the transmitting antenna was an array with gain of 6 db. The noise
coefficient of the onboard receiver was 10 db, the passband was 0.5 Mcps. The
primary amplification was performed at the IF of 30 Mcps. The HF power am-
plifier was a TWT with output power of 2 W. The repeater weighed 32 kg and
the power consumption was 16.3 W (ref. 113).

The primary power source on board the satellite were 3,840 solar /294
cells with a total power of 28 W at 27.5 V.

Communication with Syncom-1 lasted only 20,077 sec, after which observa-
tions were made using astronomical methods (ref. 112).

On June 26, 1963 the second synchronous satellite Syncom-2 was launched.
The final value of its orbital period was 1,436 min, i.e., closer to the
design value than Syncom-l (ref. 112). The communication equipment on board
Syncom-1 and Syncom-2 was the same.

On July 31, 1963 the first tests of the intercontinental telephone com-
munication link between the U.S, and Africa were made. Telephone transmissions,
facsimile and one-way teletype transmission were relayed.

The development of an improved Advanced Syncom satellite is being carried
forward. It will be cylindrical in shape with a diameter of 147.3 cm and
length of 127 cm. TIts weight at launch will be 680 kg, and after injection
into a stationary orbit the weight will be reduced to 344.7 kg.

The two independent systems for the correction of the location of the
satellite in space are designed for a three-year lifetime (ref. 112).

It is planned to install four separate transceivers on board the satellite.
A TWT with output power of 4 W will be used as the power amplifier. The
receiving antenna will be a colinear array with 8 db gain, and the transmitting
antenna will be a phased array with 18 db gain (ref. 104). The uplink will
operate at frequencies of 6,020-6,300 Mcps; the downlink will operate at fre-
quencies of 3,990-4,180 Mcps.

The power supply will be a battery of n-p solar cells with capacity of
147 W (ref. 112).

The handling capacity of the communication line of each of the onboard
repeaters will be 600 duplex telephone channels or four television channels.

on7



It is planned that the frequency stability will be no less than + 1.10~7. The
ground antenna will have a diameter of 25.5 m, and the equivalent noise tem-
perature at the receiver input will be no more than 80°K.

Echo-1. The first of the successfully launched AES intended for /295
passive relay of signals was Echo-1, launched into orbit on Aug. 12, 1960. The
gatellite weighed 60 kg. This satellite was fabricated in the form of a 30 m
diameter inflatable sphere with a shell of mylar plastic covered with aluminum
foil with a reflection coefficient of about 98 percent. The orbital parameters
were: apogee 1,911 km and perigee 922 km, period of revolution of the satellite
around Earth of 118.3 min, inclination 47.20, The first relaying of telephone
gsignals was accomplished between the JPL station at Goldstone, California and
the Bell System Laboratory in Holmdale, New Jersey.

The radio center at Goldstone is equipped with two 25.5 m diameter an-
tennas, one of which is for transmission and the other for reception of sig-

nals (ref. 11h).

At the radio center in Holmdale a 20 m parabolic antenna is used for
transmission and a horn antenna of new design with aperture area of 36 m? for
reception. The transmission from Goldstone was on 2,390 Mcps, and from
Holmdale on 960 Mcps. Circular polarization of the radio signals was used
in order to verify the influence of the change of the shape of the passive
reflector on the polarization of the received signals.

A series of experiments with the use of the Echo-l1 satellite as a passive
repeater was conducted by the Collins firm. Communications were established
in the north-south direction between stations at Cedar Rapids, Iowa and Dallas,
Texas. At the Cedar Rapids station 8.4 m diameter parsbolic antennas were
used, in Dallas the same antennas were used for transmission, but reception
was on a 12 m parsbolic antenna (ref. 11L).

The transmitters used on the experimental communication line radiated
signals with 10 kW of power. The receiving equipment used diode parametric
amplifiers with a noise coefficient of 1.5-2 db. The transmission from Cedar
Rapids was on 955 Mcps and from Dallas on 810 Mcps.

The following studies were conducted: possibility of SSB {296
transmission with frequency and phase modulation; amplitude and phase distor-
tions; refraction and absorption in the atmosphere, and verification of the
reception noise levels and verification of the ground-based equipment.

To facilitate the tracking of the satellite by the ground stations, two
small radio beacons were installed in the satellite, radiating a 5 mW signal

at a frequency of 107.9 Mcps.

During the course of the experiment it was found that the pressure of the
solar rays have a major influence on the orbit of the passive satellite. Thus,
under the action of the pressure of solar rays Echo-1 comes 5.7 km closer to
Earth in a day (ref. 115). As a result of the fact that there were gas lesks,
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the shell of Echo-1 deformed and the reflection coefficient diminished. Work
is going on presently on the design of more rigid constructions of the metal-
lized spherical reflectors for the passive relay satellites,

In view of the fact that during the reflection from the spherical surface
the energy is scattered in all directions, plans are being made for the develop-
ment in the future of reflectors with complex geometric shapes of the surface
(ref. 125).

One of the designs considers the use of a spherical surface divided into
a large number of equal segments, metallized in a checkerboard pattern so
that opposite each nonmetallized segment on one side of the sphere there is a
corresponding metallized segment on the other side.

The overall amount of the reflected energy is markedly increased, since
the energy incident on the nonmetallized segments passes through and is
reflected from the concave metallized segments of the inner surface of the
sphere.

There is a design for the construction of a passive reflector in the form
of an icosahexahedron. A reflector of this design acts analogously to a corner
reflector, directing the incident energy back along the initial path. Such a
reflector with a diameter of 30 m at a frequency of 3 Geps can provide a
directivity coefficient of 52 db.

Echo-2. The second Echo-2 passive satellite was launched on /297
Jan. 25, 1964 from Vandenberg AFB, California, using a Thor-Agena booster into
a polar orbit with apogee ha = 1,300 km and perigee hp = 1,030 km, TC = 108.7

min. The satellite weighs 200 kg. The satellite was ejected from a container
of dimensions 75 x 100 cm, and after filling with gas the shell diameter of the
satellite was more than 40 m (ref. 116).

The USSR (Zimenkakh observatory in Gorkiy), the U.S. and England (Jodrell
Bank Observatory, Cambridge) participated in the experiments on the relaying
of signals via Echo-2. Plans have been made for experiments on the transmis-
?ion of o;dinary and slowed speech, phototelegraph and teletype communications

ref. 117).

As examples of the solution of the problem on the provision of communica-
tion with remote space vehicles let us consider the TRAC(E) system for com-
munication and tracking of space vehicles (ref. 118) and the Telebit system
(ref. 119).

The TRAC(E) (Tracking and Communication, Extraterrestrial) system for ex-
traterrestrial communication and tracking provides for tracking and simulta-
neously permits maintaining radio communication with satellites of Earth, the
Moon and with other space vehicles. The system has been under development
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since 1953 at Caltech JPL, and has found technical embodiment in the Microlock
equipment based on the use of the phase method, in which use is made of re-
ceivers with passband less than the Doppler frequency shift.

The use of an oscillator with controllable frequency ( synchronous
heterodyne) makes it possible to use narrow-band amplification prior to
detection. Phase autotuning of the frequency in combination with correla-
tion detection provides for simultaneous separation of the telemetry sub-
carrier frequencies and the Doppler shift, after which the telemetry informa-
tion is taken from the output of the FM discriminator. Thus the subcarriers
are frequency modulated and the carrier is phase modulated, i.e., use {298
is made of FM-PM modulation.

The Microlock system was used for tracking and communication with the
Pioneer-ITII and Pioneer-IV rockets.

The onboard transmitter of the Pioneer-IV space rocket was located in a
container compartment with a diameter of 15 cm. Individual components of the
circuits and assemblies with semiconductor elements were mounted using printed
circuits on micarta disks with an intermediate layer of a thermally insulating
material. The vacuum tube stages were mounted directly in the center of the
chassis, so that the heating of the container by the tubes was considerably
reduced., The total weight of the chassis and the transmitter did not exceed

500 g.

The parameters of the onboard transmitter are presented in table IV-1.

TABLE IV-1
Parameter Value

Carrier frequency 960 Mcps
Output power 180 nwW
Quartz oscillator frequency Lo Mcps
Long-period frequency stability 10-6
Output power stability + 0.5 db
Max. value of random phase modulation 20
Total weight 360 g
Power consumption 2.4 W
Total volume 458 cm3
Continuous operation time with

onboard battery weighing 2.6 kg 120 hrs
Eff. 7.5 percent

A1l transmitter stages with the exception of the vacuum-tube power am-
plifier were transistorized. The onboard transuitter included a transistorized
oscillator with quartz crystal stabilization. The oscillator frequency is
L0.0021 Mcps. The signal taken from its output is phase modulated (maximal
swing one radian) by three telemetry subcarriers, after which it is frequency
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multiplied by a factor of 24 times, amplified and applied to the onboard an-
tenna. The onboard antenna is practically nondirectional; its gain is 299
only 2.5 db.

The primary element of the TRAC(E) system is the 25 m diameter parabolic
ground antenna developed for radio astronomical observations and located at
Goldstone. With operation at 960 Mcps the width of the main lobe (to the
half power points) is 1°, and the gain is 41.8 db (ref. 120).

The receiver noise coefficient in 1,958 was 7.5 db and the overall noise
temperature referred to the receiver input was 2,000°K. By the use of low-
noise amplifiers (masers) it was planned to reduce the noise temperature to

LOCK by 1962.

The receiver passband can be taken equal to 20 or 60 cps. In the radio
tracking of the Pioneer-IV the receiver passband was 20 cps (the frequency
shift as the result of the Doppler effect in the course of the first minutes
of flight was 24 kcps). The receiver threshold level was -154.1 db-mW. With
the rocket at a distance of 400,000 km, the level of the received high-
frequency signal was -141.1 db.mW, which is 13 db above the threshold level.
The tracking station at Goldstone received the rocket signal clear out to a
distance of 650,000 km from Earth. Further communication with the rocket
was terminated by discharge of the battery supplying the radio transmitter.

An improvement of the Microlock system was the Telebit digital system for
space communication (ref. 119). The changeover from the analog system to the
digital system was the result of the following factors:

(1) significant advantages in noise immunity of the digital systems
over the analog;

(2) convenience of accumulation and storage of digital information on
board the satellite and on the ground, and also the convenience of its trans-
mission over the ground communication channels from the point of reception
to the processing station.

In the Telebit system use is made of the most advanced of the existing
methods of modulation--PCM-RPT. In order to simplify the apparatus, the
relative phase keying was accomplished on the subcarriers, which somewhsgt
decreased the effectiveness of the system (by 3-4 db). This solution made it
possible to use standard receivers with phase-gsynchronized loop for /300
tracking the carrier frequency, and required the development of new equip-
ment only for the demodulation of the subcarriers. For the generation of the
subcarriers use was made of a tuning fork at a frequency of 1,024 cps, which
was also used as the primary synchronizer for the digital equipment. 1In the
development of the block diagrams and the construction of the prototype,
particular attention was devoted to the construction of the system with the
use of a small number of types of standard elements. The first version of
the Telebit system was assembled in four months. It weighed 5.5 kg and
required 2.4 W of power. Eight months after the initiation of work, the
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Explorer satellite was launched from Cape Canaveral with the first installation
of the Telebit system. Somewhat later, on Mar. 11, 1960, the gecond prototype
of the Telebit system, weighing 4.5 kg, was launched on board the satellite
Pioneer-V. Both prototypes continued to operate until the radio equipment
failed due to failure in the power supply system. These two units operated
continuously in the space environment for six months. The unit installed on
board the Pioneer-V satellite (transmitter power 5 W) continued to transmit

to Earth the required scientific information to a distance of 25 million km

(ref. 119).

This summary of the communication systems for the space vehicles launched
in the USSR and the U.S., and also the systems for ground communication by
means of relaying via AES, gives some idea of the present status of these
systems. We see that considerable success has been achieved, both in the
resolution of the questions of long range space communication and in the
resolution of the questions of the use of AES for surface communication.
However, the technical solutions are still far from optimal, and a lot of
work remains to be done in the future in both directions.

The mastery of cosmic space, begun in the USSR with the launch of the
first artificial satellite of Earth in the history of mankind on Oct. 4, 1957,
continued by launchings of spacecraft to the other planets and the unparal-
leled flights of the pilot-cosmonauts Gagarin, Titov, Nikolayev and Popovich,
Bykovskiy and Nikolayeva-Tereshkova, has shown both the complete /301
feasibility of provision for the required forms of communication with the
spacecraft, as they travel tens and hundreds of millions of kilometers rrom
Earth, and the possibility of using AES for the relaying of radio signals.

The latter permits the development of global and loca. communication systems
in the UHF band without ionospheric disturbances, with a tremendous volume
of the transmitted information and a high degree of reliagbility of trans-
mission.

The rapid development of rocketry and the technology of space communica-
tion gives a basis for hope that the communications systems with relaying of
information via AES will find wide application in the very near future.

When the manuscript for the present book was already set, the news was
heard around the world of the unprecedented group flight of the Soviet cos-
monauts on board the multiplace piloted spacecraft Voskhod.

The power of the booster rocket used to inject this space laboratory into
Earth satellite orbit with three scientist-cosmonauts and complex equipment
exceeded by far the power of the rockets previously used. After a day-long
flight and performance of a complex program of investigations, the Voskhod
spacecraft landed safely in the intended region of the Soviet Union.
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Voskhod i. a prototype of those spacecraft in which teams of Earth people
will flv to *.ae other planets, to other worlds for the discovery of the secrets
of the universe.

The launch of the Voskhod sgpacecraft is a triumph of mankind in the con-
quest of the cosmos, a triumph of Soviet science and engineering, a triumph of
the Soviet government.

What we have said here once again confirms the conclusions drawn above
of the rapid advances of the spacecraft and the inevitable increase of the
flow of information in the radic links for communication with these craft;
this in its turn requires additional improvement and optimization of the com-
munications facilities used on board these spacecraft.
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